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ABSTRACT

The Spectral Ocean Wave Model (SOWM) in use at the Fleet
Numerical Oceanography Center since 1974 has been used to
produce spectra for a 20-year ocean wave climatology for the
Northern Hemisphere oceans. The data sources and concepts
used to develop the computer model are described; and the
equations and computer program structure for the model are
given in this report. The accuracy of the model is evaluated
by analysis of studies that used spacecraft radar altimeter
measurements of significant wave height and by comparison of
predicted and estimated frequency spectra and significant
wave heights. This report also describes sampling varia-
bility effects and incorporates them into the interpretation
of the accuracy of the model specifications. In addition,
rapid spatial and temporal variations of actual waves that
are not reproduced by the model are documented; and possible
errors in the specification of swell are suggested. With
care in interpretation, a SOWM wave climatology, which is in
preparation, should prove to be more accurate than those
based on conventional ship reports.

ADMINISTRATIVE INFORMATION

The work reported herein was conducted in support of the David W. Taylor Naval
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Throughout this report, those values given in thie original source in non-
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degrees latitude kilometers 111.1

feet meters 0.3048
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INTRODUCTION

The Spectral Ocean Wave Model (SOWM) is a computer-based procedure for fore-

casting and specifying (hindcasting) the spectra of ocean waves in deep water at a

stated angular and frequency resolution for a grid of points on a global scale. 1 ' 3

Its three precursors were Hydrographic Office Pub 603,4 which was the first (hand

graphical) spectral wave forecasting model; an attempt to computerize the techniques

of Hydrographic Office Pub 603;5 and parallel research in France which evolved in
steps to the DSA 5 model for the North Atlantic. 6 Presently, the SOWM, which

became operational3 in December 1974, is used daily at the Fleet Numerical Oceanog-

raphy Center (FNOC) to nowcast (specify) the waves on the basis of observed winds

every 6 hours and to forecast the waves every 12 hours for up to 72 hours by means

of forecasted winds. Forecasts and nowcasts are made for the Northern Hempaphere

oceans only and do not include swell that has propagated into the Northern Hemi-

sphere from the Southern Hemisphere. The winds of the Southern Hemisphere are not

known with sufficient accuracy to permit either hindcasts or forecasts.

Wave spectra have been produced by means of the presently operational SOWM
at FNOC. Meteorological data on winds and weather for some of the years in the data

base over the Northern Hemisphere were reanalyzed and used to compute improved wind
7fields over the ocean. These winds were, in turn, used to compute wave spectra

for the grid of points of the SOWM.

The final product of this activity is to be a spectral wave climatology for

the Northern Hemisphere, which is to be published and disseminated by the Naval

Oceanography Command Detachment (Asheville, North Carolina). In anticipation of

the publication of this climatology, one purpose of this report is to provide a
description of the SOWM in terms of the theories and programs that are available.

Another purpose is to provide quantitative information on how well the model
specified the waves. The comparison of the data from the climatology with wave

observations is limited to only a few examples. Other examples of the comp, .
of other wave model data to wave observations are given to suggest ways to cot

the wave climatology to actual data for additional verification purposes.

*A complete listing of references in given on page 179.
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DEVELOPMENT OF THE SPECTRAL OCEAN WAVE MODEL

GEIRERAL COMMENTS

The development of the SOWM required as a precursor an adequate description,

based on observation, experiment, and reasoning, of the waves on the ocean.. A.
S~8

description of waves based on observation and reasoning is a theory; and a wave,

forecasting model based on experiment and observation is empirical. 8 The SOWM has

been called "a physical-empirical model," 9 and a "semi-empirical (model) in which

the theoretical developments can be accommodated in the best tradition of engin-

eering."* 1 0  There do not seem to be any theories about the physical world that are

not based on observation and experiment, and, thus, all theories are ultimately

empirical.

If observations and experiments do not agree with a theory, one possibility is

that the theory is incorrect. The other is that the observations were incorrect

and that the experiment was not properly designed. One might wish to derive an

entire theory of waves starting with the (empirical) hydrodynamic equations of

motion; however, a theory derived from this basis will be a long term effort.

MEASUREMENTS AND ANALYSES

The ability to estimate the spectrum of the waves from an ocean wave record

was the essential first requirement for the development of the SOWM. 11' 2 The

concepts that: (1) a wave record is a sample from a population, (2) the frequency

spectrum resolves the total variance of the random process into frequency bands,

(3) it is an "estimate" of the true spectrum, and (4) sampling variability can be

substantial are all essential in understanding waves, wave forecasting, and verifi-

cation of wave forecasts.

Wave records and spectral analysis techniques for these records were also

needed. It was recognized that conventional ship reports of wave height and period
1 9

were virtually useless, as confirmed in recent studies, and so the SOWh was based

upon the only high quality data then available, which were waves measured by the
13Tucker Shipborne Wave Recorder, as archived by the National Institute of Oceanog-

raphy in Great Britain (now the Institute of Oceanographic Scfences). The datn that

were used were spectrally analyzed, corrected for high frequency response, and
14published as a series of three reports. Each of the spectra that were analyzed

were also provided with upper and lower 90 percent fiducial confidence intervals.

*"Engineering: science, work or profession of an engineer". 8
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with the total degrees of freedom of the estimate of the variance, and with

confidence intervals on the significant wave height. (See Figure 12.9 of Reference

15). These data have been used in numerous studies at DTNSRDC.

The spectra hindcasted, specified, and predicted by the SOWN have never been

verified. The handful of scientifically measured wave properties from which

directional spectra can be estimated are too few to permit attempts to verify the

SOWN. There have been no direct quantitative comparisons of directional spectra

estimated from wave data with SOWN spectra, but this may soon become possible

because some properties of directional spectra may become available from the

National Data Buoy Network.

Time histories of measured waves yield estimates of frequency spectra to be

compared with the SOWN product summed over direction. A 20 minute wave record

does not provide precise information on the wave spectrum. Typically, a spectral

estimate is not known to within a factor of two. The significant wave height,

estimated from a 20 minute wave record, is typically unknown to within ± 10 percent

to t 20 percent. Verification of the significant wave heights and the frequency

spectra from the SOWN require the careful consideration of sampling variability

effects. Random effects cannot be predicted; only averages of random effects can

be interpreted by means of statistical procedures. If frequency spectra estimated

from wave data agree within sampling variability effects with a corresponding SOWN

frequency spectrum, then the model is only partially verified. Many different

directional spectra could have produced the same frequency spectrum. Conversely,

if the model frequency spectra and the estimated frequency spectrum do not agree,

then some part of the model is incorrect.

BOUNDARY LAYER WINDS

Forecasting ocean waves has always required knowledge of the winds over the

ocean. In general, prior to the SOWN, these winds were both Inadequately measured

and inadequately analyzed. Efforts to define the winds more accurately over the

ocean received new insight in the work of Thomasell and Welsh, 1 6 who first

corrected wind fields for the wide vaciation in the heights of anemometers on

weather ships. The development of an adequate planetary boundary layer model to

specify and predict the winds as a function of height above the ocean with greater

accuracy was an integral part of the development of the SOW.17 Among its

accomplishments was the correction of all wind speeds to an effective neutral wind

4



at 64 feet* for all ship reports where the anemometer heights were known. .hc T (h M
requires winds measured at 64 feet* above the sea surface corrected for the effects

of atmospheric stability.

The improved boundary layer models that resulted from this research contribute

to the improved wave specifications and forecasts of the SOWN. However, errors In

the wind fields used by the SOWM both for wave specification and forecasting and

for this wave climatology are probably the greatest source of errors in the wave

specifications and forecasts. Recent studies of this problem have provided new

insight and perhaps better observational and analysis techniques will be forthcoming

soon.

THE GAUSSIAN WAVE MODEL

The theories upon which the SOWN is based are those with a short-crested
gaussian sea surface as a model as summarized by Kinsman 18 and Neumann and Pierson.15

This requires the description of the waves by means of either a spectrum as a

function of frequency and direction or a vector wave number spectrum.19 Nonlinear,
and hence nongaussian, 20 ' 2 1 ' 22 wave properties have been studied in some detail and

corrections to both the spectrum and the form of the waves are possible to a certain

extent by means of these results.

FULLY DEVELOPED SEAS

One of the concepts, in the SOWN is that of a fully developed, wind-generated

sea for which the wave spectrum is independent of fetch and duration and is a

function of the wind speed only. The form of the spectrum is based on the analysis
of the shipborne wave recorder data described above. The fully developed

spectrum23 is defined as a function of the speed of the wind for a neutrally

stratified atmosphere as measured at 19.5 meters because this was the height of the
anemometers on the ships that measured the waves.24 This definition avoided the

problem of referring the wind to 10 apters by means of a boundary layer model at

the time; however, the problem has not gone away. Careful attention to the fact
that the height of a fully developed sea had been related to winds measured at

different anemometer heights partially reconciled the differences that were present

at the time. 24 ' 2 5 The spectrum for a fully developed sea used in the SOWN has been
verified by numerous investigators as to its general form, but soe slight differences

in the constants can be found in the literature.

*64 feet -19.5 meters.
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There have been a number of investigations that show that the high frequency

gravity wave spectrum is wind speed dependent."'' The very short gravity waves

measured in tropical storms for example are much higher than would be modeled by
2

the spectrum originally used for the SOWN. Corrections for the high frequencies

have been incorporated in the present SOWM.

WAVE GENERATION

Also needed for the SOWM were improved theories for the generation of waves by
28 29 30

winds and those of Phillips, Miles, and Phillips were experimentally modified

to agree with observed spectral growths.31 This particular aspect of the SOWM has

been questioned from the very beginning, and the fact that the SOWM does not incor-

porate the theoretical effects of third order nonlinear wave interactions is one of

the major differences between it and more recent spectral wave forecasting

models.
3 2 , 3 3

SWELL

It has been thoroughly demonstrated that waves generated by an area of high

winds are dispersive as they propagate as swell into areas of relative calm. 3 4 ' 35

The kinetic and potential energy in a wave system propagates at the group velocities

of the spectral components. Even the most casual observation of wind-generated

waves on the deep ocean will convince one that an individual wave cannot be

followed for very long. Debatable at the time of the development of the first wave

forecasting methods was whether or not frequency and angular dispersion were all

that was needed to forecast swell. If additional attenuation was needed, it was

difficult to quantify, and in fact, one of the most careful studies found little,

or no, effect. 3 5

DISSIPATION

As extratropical cyclones pass a given point on the ocean, the waves seem to

be traveling in the direction of the wind, even as the wind shifts continuously to

all points of the compass. Conversely, in areas of light winds, wave trains travel-

ing in many different directions can be seen. The SOWN required some way to keep

the wave spectrum from becoming isotropic in areas of rapidly changing high winds

and wind directions. There was very little theoretical guidance (and even today,

there is still not much), so this effect was modeled by the dissipation term in

the SOWN described later on in this report.

6
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COMPUTER EXPERIMENTS

The SOWM is also based upon experiment. These experiments were computer

experiments with the model to see how different assumptions about initial conditions

affected the growth of the spectrum and computer tests using the winds over the

North Atlantic generated by a boundary layer wind field to see how well the model

specified the waves measured at a British weather ship and the frequency spectra

computed from these measured waves. Figures 3, 4. and 5 of Pierson, Tick, and

Baer1 illustrate some of the first experiments to study the effect of dissipation

in the model and various growth equations.

There have been numerous changes in the SOWM since it was first described in

1966. The equations actually used at present will be documented in the following

sections.

DATA FROM SPACECRAFT

At the time the SOWM was developed, the techniques for measuring winds and

waves from a spacecraft were in their first stages of formulationI and the concepts
36

were ambiguous. An experiment on SKYLAB demonstrated that wind speed could be

determined by measuring the roughness of the ocean with a radar on a spacecraft. 3 7

SEASAT demonstrated that wind speed and direction could be accurately determined
38,39,40from sea surface roughness measurements. 90 The altimeters on GEOS-3 and SEA-

SAT measured changes in the return altimeter wave form from which significant wave

height could be computed along the subsatellite track. 4 1 ' 4 2 ' 9 The Synthetic

Aperture Radar (SAR) on SEASAT obtained images of low waves that were processed to

yield something like, but not exactly, directional wave spectra.43 These data (to

be discussed in a later section) have been used to see how well various wave fore-

casting models compare with Northern Hemisphere wave measurements.9, 4 2' 4 4 ,45

The sparsity of high quality data on waves and winds on a global scale, so that

waves can be described more accurately and climatologies of actual wave measurements

can be generated, may end in the decade of the 1980s. By the year 2000, the waves

on the ocean may be much better understood. Until then, the products of the SMO

can help to fill the present void.

DESIGN OF THE SPECTRAL OCEAN WAVE MODEL

There are many different computer based models of the atmosphere In existence

for forecasting the atsospheric circulation.46 A few are operational at the national

centers for weather forecasting. There have been many different wave forecasting
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models developed other than the SOWM, such as the sequence of DSA models,6 and a

large number of newer ones for limited areas. 4 7 ' 4 8 ,4 9 ' 5 0 * There are even special

modifications of the SOWM. 51 None of these were designed from the beginning to be

global in nature. No two weather forecasting models are alike, yet they all perform

fairly well. The lifetime of a weather forecasting model is typically only a few

years before it is superseded by an improved model. There are ways to improve the

SOWM by means of higher spectral resolution, additional wave measurements, an

improved treatment of island effects, and computer experiments. The comparison of

different models with each other without, at the same time, comparing them with

actual wave data is not as productive as comparing various models with actual

wave measurements.

The SOWM was designed with definite objectives, and, at the same time, sub-

stantial restrictions on the allotted computer facilities ana the time available

for an update and a forecast. As originally planned, there were to have been four

times as many grid points and twice the angular resolution for the spectra. The

computer program for this higher resolution model exists, but it is not operational.

Running time and memory allocation constraints made it necessary to reduce the

number of grid points and decrease the angular resolution.

The design of the SOWN can be stated as a set of objectives to be met by the

final computer program for the wave specification and forecasting model. The

statement would be as follows:

Within certain computer resources and within assigned time constraints,

develop a wave specification and forecasting procedure that will describe the

frequency-direction spectrum of the waves in deep water, with a reasonable resolution

on a grid of points over the oceans of the world, given the winds and forecasts of

the winds, by using physically realistic equations that account for the growth of

the waves, under the action of the wind, dissipation effects, and wave propagation

on a sphere.

The grid of points was laid out on gnomonic subprojections on an isosohedron

so as to allow great circle propagation. The spectrum was resolved into 15

frequency bands of different band widths and 12 thirty-degree direction bands. The

time step was finally chosen to be 3 hours consistent with the availability of

synoptic scale wind information over the Northern Hemisphere (at least).

*As examples.
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Once the grid, the spectral resolution, and the time step are chosen, the rest

of the problem can be stated in a simpler way! given that the spectruI is correct

at all grid points at the time t - to, and given the winds at each grid point for

the next 3 hours (each a constant speed and direction), compute what the spectrum

will be at each grid point 3 hours later.

In the SOWN, this is accomplished (1) by computing how much the wind generated

sea will increase or grow (if at all) during the next 3 hours at each grid point,

(2) by computing by how much the waves traveling against the wind (± 90 degrees)

will be dissipated, and (3) by computing how far each spectral component will

propagate at a representative group velocity along a great circle path in 3 hours

and then reassembling the spectra for the end of the time step.

For brevity, these steps are called "Grow, Dissipate, and Propagate." At the

end of the 3 hour time step, within the resolution of the model, the new spectra

at the grid points now represent the waves at t - to + 3 hours; new winds can be

used, and the processes of Grow, Dissipate, and Propagate can be repeated.

The SOWM has to be started tip at some time. At that time, the spectra are

not known, nor for that matter are they even known as observed (computed from

measured wave properties) functions at all of the grid points of the model. For

this climatology, the SOWM was started up in the summer with zero values for all

spectral components. After a week or so, (real time), the spectra become believable

and were used in the climatology. The run for a preceeding year would, of course,

overlap in time the start up for a following year since the wind fields did not

become available in chronological order.

For wave forecasts, the SOWN is reinitialized every 6 hours by using 6 hour-old

spectral data and computing how the cpectra changed on the basis of wind fields

computed from the available synoptic weather reports. Then, wave forecasts are

made by means of forecasted wind fields. Each wave forecast dopends upon both the

accuracy of the past wind fields used to reinitialize the model and on the accuracy

of the wind field forecasts. Wind fie1A forecasting errors do not enter as an error

source for the SOWN wave climatology given in this ducument.

UNITS

The units of the SOWN, used more or less consistently throughout, are feet for

wave height; feet2 for variances; feet -seconds for frequency spectra; feet -

seconds-radians for directional spectra; knots for wind speed and the group

9



velocity of spectral components; nautical miles and degrees of latitude for

distance; seconds, minutes, and hours for time; and seconds-1 for frequency.

Conversion to metric units would be facilitated if angles were expressed in "grads"

for latitude and longitude.

THE MAP PROJECTION AND THE GRID

The SO(H grid is constructed upon an icosahedron, which is a solid bounded by
20 equilateral triangles.52 For each of the 20 triangles, a gnomonic projection is

used. Thus, a straight line with any orientation on any of the 20 subprojections

is a great circle. On the sphere, the sides of the equilateral spherical triangle

intersect at an angle of 72 degrees, and, thus, 5 triangles meet at a common point.

On a map, the sides of the equilateral triangle meet at an angle of 60 degrees.*

Table 1 gives the pertinent data for the triangles. 2

The triangles are not oriented in a simple way relative to the latitudes and

longitudes on the earth. Instead, the icosahedron was located so as to maximize

the number of vertices on land. Figure 1 shows the 20 triangles as their vertices

and edges appear on a Mercator projection. Each triangle covers exactly the same

area, and the marked area distortion of a Mercator projection is evidevt.

Two sides of a triangle form a natural set of axes for each subprojection and

the grid of points at which the SOWM spectra are computed is formed by the inter-

sections of equally spaced lines drawn parallel to the two chosen sides of each

subprojection (as shown in Figure 2).1 Each grid point, in principle, ought to be

representative of wave spectra anywhere within the hexagon surrounding the grid

point.

The great circle property is indicated by the fact that waves can travel to a

given grid point along a great circle path from any one of the six surrounding

grid points, thus accounting for six of the 12 direction bands in the model. The

other six direction bands have directions of travel halfway between those for each

of the primary directions. These spectral components are effectively treated as if

they come from a source on the inner hexagon surrounding each grid point at a point

halfway between two grid points. The distance involved is thus only about 85 percent

of the primary distance (as shown in Figure 3). 2

*If each triangle is plotted as a gnomoniic projection.
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TABLE I PROPERTIES OF THE GNOMONIC PROJECTION ON A FACE OF AN ICOSAREDRON*
6

Area, 1/20th of the Earth's surface 7.45 x I0 gquare nautical miles
(25.55 x 10 square kilometers)

On the Earth:
Length of side 63*26.1' or 3806 nautical miles

(7068 kilometers)
Length of altitude 58*16.9' or 3497 nautical miles

(6476 kilometers)
Vertex angle (spherical) 72 degrees

On the Plane:
Length of side 4552 nautical miles

(8430 kilometers)
Length of altitude 3942 nautical miles

(7300 kilometers)

Vertex angle 60 degrees
Distortion relative to 1.00 at the

tangent point:

Radial - maximum (at vertices) 1.58

- mean (midpoints of sides) 1.15

Transverse - maximum 1.26

- mean 1.07

Areal - maximum 1.99

- mean 1.23

Distortion relative to 1.00 at the
midpoints of the sides (location
of mean distortion):

Radial - maximum (at vertices) 1.37

- minimum (at tangent
point) 0.87

Transverse - maximum 1.18

- minimum 0.93

Areal - maximum 1.62

- minimum 0.81

*Assumes spherical Earth of radius 3440.19 nautical miles (6370.66 kilometers).
i
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Figure 2 - The 325 Grid Points on a Triangular Gnomonic Subprojection
for the Spectral Ocean Wave Model
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The great circle propagation property is not without its price, which has to

be paid in the rather complicated details of the propagation subroutine of the

model. The distances from one grid point to its neighbors vary as a function of

the location of the grid point on the subprojection. The true Earth distances

between grid points are smaller near the vertices and farther apart near the

centers of the subprojection. These varying distances must be accounted for in the

propagation of each spectral component.

Also, the great circle orientation of the grid points changes from one

triangle to the next. This property of the grid requires some complicated steps

so that the waves can cross over the edge from one triangle to an adjacent

triangle.

Figure 4 shows some of the grid points of the SOWM that were used for the

production of this wave climatology. The triangular subprojection that covers

the Indian Ocean (not shown in Figure 4) has been relocated for the operational

version so as to cover more evenly that part of the Indian Ocean north of the

Equator. For the Northern Hemisphere, the Indian Ocean is isolated from the

other oceans so that the change has no effect on the model. (See Figure 1.)

Rows of points along the six primary directions can easily be identified.

Rows of points along the six secondary directions can also be identified. Some

interesting features of great circle propagation and of the way the triangular

subprojections interact can be seen. As examples, waves that approach Scotland

coming from the west-northwest could have been generated in an area of high winds

south of Greenland and due west of Ireland and could have started out traveling

toward the east-northeast. The lines of points that cross a triangle near the

center of one of the sides do not change direction from one subprojection to the

other by very much. Thus, swell approaching the border between Washington and

Oregon from due west could have started out from a typhoon to the east of the

Phillipines and north of New Guinea. One row of grid points lies just to the east

of the 180th meridian. It runs as practically a straight line north-south along a

longitude line, which, of course, is a great circle. A study of the grid point

patterns in this figure illustrate many other interesting features of great circle

propagation over long distances.

Many of the hand-graphical analyses of wind fields and fetches are made on

polar stereographic map projections. The above material suggests that sources of

waves identified by such analyses may be incorrect.

15

L



Figure 4 - Spectral Ocean Wave Model Grid Points Plotted
on a Mercator Projection
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Figure 4a -Spectral Ocean Wave Model Grid Points for a Portion of the

North Atlantic Ocean Plotted on a Mercator Projection Showing
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Each triangular subprojection in the SOWN has 25 grid points, equally spaced

on the gnomonic projection, along each side. There are a total of 325 (25(25 + 1)/2)

grid points in the triangle, of which 72 are on the edges. Those on the edges are

used twice, and information about the waves in midocean is repeated for five

different triangles at their common point. There are about 1,575 grid points for

the Northern Hemisphere for which the spectra are computed. The land points within

each subprojection are assigned a coded flag to identify them. Grid points just

south of the Equator are treated as an artificial land boundary to provide

appropriate sinks for southbound spectral components and artifically fetch limited

waves for southerly winds at the Equator. No swell from the Southern Hemisphere

exists in the model, although it could actually be appreciable just north of the
35

Equator during the Southern Hemisphere winter.

THE SPECTRAL OCEAN WAVE MODEL SPECTRA

THE FREQUENCY-DIRECTION ARRAY

The spectra in the SOWM represent integrals over certain frequency and

direction bands of a continuous function of frequency and direction, S(f,e), that

would be the spectrum with infinite resolution (unattainable) at each grid point.

There are 15 frequency bands and 12 direction bands so that the spectrum at each
2grid point is represented by 180 numbers with units of (feet) as in Equation (1).*

f i i '/
2  + AO /2

S(fi,8J) - S(f,6) dedf (1)

f Af /2 0 -be /2i j j

The values of f are not equally spaced on the frequency axis. More resolution

is provided for lower frequencies than for intermediate and higher frequencies.

The e0 are 30 degrees apart and the Aej, are all 30 degrees. On the gnomonic grid,

the angles are constant, but in Earth coordinates, the angular bounds for the direc-

tion bands change continuously as a component propagates along.

The wave data that were analyzed in developing the SOWM were digitized every

1.5 seconds and the spectra were estimated for 60 bands between zero frequency and
a eyquist frequency of 1/3. The elemental frequency band was therefore 1/180

t 2
*To convert to (meters) multiply by 0.0929.
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second The center frequencies for the bands are simply integers, or inteSers

plus one half, times this elemental band.1 4

Table 2 shows the band number assigned to each frequency, the bandwidth (x180).

the central frequency (as a fraction and in decimal form), and the frequency range

covered by the particular band. The contribution to the spectrum for frequencies

above 0.375 hertz is negligible for wave height calculations.

Earlier versions of the SOWM had different frequency bands. Also, the highest

frequency band was carried to infinity at the high frequency end. In both the

current model and the past model, the highest frequency band is in instantaneous

equilibrium with the local wind speed and direction and is not propagated.2.

For many applications, it is necessary to have the spectral values. The

numbers in the output should be divided by the bandwidth, and if in directional

form by w/6, to obtain spectral values in units of feet -second-radians-1

The lowest possible frequency in the model, corresponding to a period of 27.7

seconds, was chosen on the basis of frequency analyses of wave records reported to

the National Institute of Oceanography (NIO). Frequencies this low, or periods

this long, had not been detected in any of the wave data analyzed up to that time.

Such low frequencies require extremely high winds, long durations, and large fetches

for their generation.

THE FREQUENCY SPECTRA

The sum over all directions at a fixed frequency as in

s(f 1 ) -5s(f7 , eG) (2)

1 ; ej

is the equivalent of

f + Afi/2

S(fi) - J S(fi,e) dedf (3)

f- Alfl/2 -Ir

The frequency spectra can be compared with spectra estimated from wave recordings as

a function of time at a fixed point. It is important to compare the spectra band

*Band 2, ft - 37.5/180 is also treated this way.
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TABLE 2 - BAND NWDBR. BAND WIDTH, CENTRAL FRQLIENCY (AS A FRACTION AND A DECIMAL),
PERIOD, AND BANDWIDTH BOUNDS

Band lLoer Upper
Band Tid Central f T Bound Bound

Nuber ith Frequency ix 180 x_180 x 180

1 24 55.5/180 0.30833 3.24 43.5 67.5

2 12 37.5/180 0.2083• 4.8 31.5 43.5

3 6 28.5/180 0.15833 6.32 25.5 31.5

4 3 24.0/180 0.13333 7.5 22.5 25.5

5 3 21.0/180 0.11666 8.57 19.3 22.5

6 2 18.5/180 0.10277 9.73 17.5 19.5

7 2 16.5/180 0.09166 10.91 15.5 17.5

8 2 14.5/180 0.08055 12.4 13.5 15.5

9 1 13.0/180 0.07222 13.85 12.5 13.5

10 1 12.0/180 0.0666 15.0 11.5 12.5

11 1 11.0/180 0.0611T 16.4 10.5 11.5

12 1 10.0/180 0.0555 18.0 9.5 10.5

13 1 9.0/180 0.0500 20.0 8.5 9.5

14 1 8.0/180 0.0444 22.5 7.5 8.5

15 1 7.0/180 0.038i 25.7 6.5 7.5

2
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for band, as variances, for each band with the variable bandwidth that are used In

the SOWN.53

For many practical applications, the SOWM spectra should be treated as a three

dimensional histogram-like figure with the constant spectral value assigne over the

polar co-ordinate plane in the region f " Afl/2 to f1 + A&f/2 and a - •e /2 to

e 1 + Ae /2. It could be envisioned as being something like a cross between the
giants causeway in Ireland and the ruins of a Roman ampitheater after an earthquake.

The values of the e8 in the SOWM output represent the direction from which

the spectral component came in degrees clockwise from north. Each subprojection

of the SOWM has its own direction coordinate system and the output must be trans-

formed to Earth directions.

SIGNIFICANT WAVE HEIGHT

A further sua-tion of (3) over the 15 frequency bands yields, within a linear

model, the variance of a time history of a wave record, or the area under the

frequency spectrum, with units of feet2. The "E" value in HO Pub 603 was twice the
4variance, and care should be taken to distinguish between the two. With the

further assumption that the spectrum is more or less narrow band and that the

envelope of individual cycles in the wave record has a Rayleigh distribution, the

significant wave height can be computed. The significant wave height is defined to

be Equation (4).

H1 3 ' 4.00 (E S(fi)) - 4(m) (4)

The constant is not exactly four, differing from it at the fourth significant

figure, but sampling variability effects for the estimation of the significant
wave height from an ocean wave record so completely mask any calculation to four

54
significant figures that the value of 4 can be used.

By definition, the significant wave height is the average of the heights of

the one-third highest waves in an ocean wave time history. The value, 4, is

obtained by finding that value of the wave amplitude such that one third of the

wave amplitudes exceed this value, normalizing the tail of the Rayleigh distribution

to unity above this amplitude, calculating the expected value of the amplitude for

this truncated distribution, and doubling it to get the significant wave height.
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Recently some questions have arisen as to whether or not the significant wave

height as defined above corresponds to the value that would be obtained by tabulating
the wave heights in an actual wave record and computing the significant wave height

from the one-third highest tabulated values. These questions in turn raise

additional questions about whether or not the Rayleigh distribution actually fits

wave data. 2 1 , 5 4 55

These questions are far from being quantitatively resolved, and the above

definition does fit most wave records reasonably well. In extreme seas, the high

waves corresponding to the tail of the distribution may be reduced in height by

breaking at the creste as they form. The significant wave height computed from

Equation (4) would then be an over estimate of the significant wave height.

THE FULLY DEVELOPED SPECTRUM

DETERMINATION OF THE SPECTRUM

If the wind blows with constant speed and direction over a large enough area

for a long enough time, the waves should be in equilibrium with the wind with

generation and dissipation effects balanced. The spectrum of the waves should be a

function of wind speed only, if the added condition that no waves can propagate

into the area under analysis from some other part of the ocean is imposed. This

condition is difficult to identify in nature. For light winds, waves from else-

where are usually present; for high winds, the area may not be large enough and the

wind may not have blown long enough.

Two subsets of data and wave spectral estimates from NIO were selected for
24further analysis. One set was selected solely on the basis of the wind speed

being near 20, 25, 30, 35, and 40 knots; and all spectra for the same wind speed

were averaged. For the second set, the additional constraints that the wind

direction could not shift by very much prior to the wave measurement, that the wind

had to increase up to the speed used, that it had to have blown for a fairly long

time, and that there were no obvious sources of swell present were imposed. All

spectra for the same wind speed were averaged for this set also.

The averaged spectra for the two sets were quite different. The second set

followed a u2 law for wave height versus wind speed. The first had waves that were

higher than this for low winds and lower for high winds.

If the population from which the samples were drawn is well defined, than all

of the spectral estimates for a given frequency band ought to have come from some
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chi-square distribution with a known number of degrees of freedom sad with =m Wk-

known (but estimated from the average) expected value. Spectral estimstes for the

second set nearly fulfilled this criterion and almost had the correct chi-square

distribution over the middle range of frequencies for which they were estimated.

The spectra from the first set obviously were not a sample from a well defined

population. The result of this study yielded averaged spectra for postulated fully

developed seas for winds of 20, 25, 30, 35, and 40 knots. 2 4

If the fully developed spectrum exists, it cannot be a function of fetch or

duration and must therefore have a nondiiensional form, which is a function of a
56

nondimensional frequency as in Equation (5).

A nondmnensional spectrum must satisfy Equation (6).

S(f) - F('f) - S(f)g3/u5 (6)

After an adjustment to account for the variability of the reported winds for
each 5-knot class, a form for F(f) was selected as Equation (7).23

F(f)M ABe- f (7)

From Equations (6) and (5)

5 5 4 4 4-1 2 4  44-1
S(f)- AB - Cu f) -uf) (8)

Also from

f - w/2w

(9)
S(W d AB 2 (204 e-Bg4 (20)4  d
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The final result is Nquation (10).23

4k - 2 e-5 ~(ai l-)

Ss(w) dw - 2w -"5 d(w 140)

where

a -8.1 x 10-3 and - 0.74

and

wo M 8/u0

PROPERTIES

This spectrum has many Interesting properties. For examples,

VAR = f S() d - 2.809 x 10-6 u4 (11)

0

and

I2
Hll3 - 4.00 (VAR)½ - 2.12 x 10.2 u2 (12)

with u in meters per second and H1 / 3 in meters, where H1/3 is the average of the

heights of the one third highest waves.

The spectral peak occurs at

4 = 0.877g/u (13)

and has the value

S(w ) 2 0.765 4 u5/3 (14)
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Thus, the frequency at the peak varies inversely as the wind speed, the
significant wave height varies as the square of the wind speed, the area under the

spectrum varies as the fourth power of the wind speed, and the peak of the spectrum

increases as the fifth power of the wind speed. As proportionalities, thus,

w "u- and dw u u"-2 dum in

2H/3 ', u and dH1 " udu

H/ 1/3

VAR u4 and dVAR au u3du

and

S(WM) u u5 and dS(wm) u u4du (15)

If wave forecasting, contrary to the fact, were to consist simply of relating

a fully developed spectrum to the local wind speed at each grid point of a model,

some interesting results can be found from Equation (15). For various wind speeds,

if the error in the wind speed specification is +2 meters per second, for example,

and for winds from 4.83 to 25 meters per second, the percentage errors in the various

spectral properties can be very large (as shown in Table 3).

If, for example, the true wind is 4.83 meters per second, and if the spectrum

for a 6.83 meters per second is forecasted instead, the wave height will be in error

by a factor of two (100 percent error), the area under the spectrum will be four

times too large (300 percent error), and the spectral peak will] be 5.65 time too

high. Similarly, for a true 10.57 meters per second wind, if 12.57 meters per

second is forecast instead, the wave height will be 41 percent too high and the

area under the spectrum will be twice what it should be. For 13.45 meters per

second and 15.45 meters per second the spectral peak will be twice as high as it

should be. The shapes of wave spectra and the variances computed from them are

thus very sensitive to the accuracy of the winds that generate the waves.

As also shown in Equation (15), the actual errors for increasing wind speed,

given the same wind speed error, are strongly wind speed dependent. The error in

wind speed is masked as an error in the frequency of the spectral peak which is
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insensitive to high winds. Height errors increase with wind speed; and spectral

properties are very sensitive to wind speed errors.

Another way to show the effect of wind speed on the spectrum is to consider

the ratios of wm, H1 3, VAR and S(wm) for 25 meters per second and 10 meters per

second. As the wind increases by a factor of 2.5, wm decreases by a factor of 0.4,

the wave Leight increases by a factor of 6.25, tne area under the spectrum increases

by a factor of 39, and the peak of the spectrum increase by a factor of 97.7.

THE KITAIGORODSKII RANGE
2-5There is some evidence that the saturation range given by ag W does not really

exist at high frequencies. A spectral form given by Equation (16) then describes

the gravity wave spectrum at the higher frequencies. 56

S(f) "' u,/f 4  (16)

For the SOWM with u, in knots, the proportionality constant is 1.37 x 10-3. This

equation is evaluated for each frequency band; and if it exceeds the corresponding

values from Equation (10) (in units of feet2 with u, in knots), it is used for the

spectral value summed over direction.

Such a representation increases the wave height by very little. For wave

slopes and wave curvature properties, these models are inadequate. Some results on

wave slope and wave curvature at high frequencies and high wave numbers are

available. 26.27

THE ANGULAR SPREAD OF THE SPECTRUM

The fully developed SOWM spectrum is also a function of direction relative to

the wind direction, e*. It is represented in full by Equation (17)

S(, e, u) - e- (i3 [F(W, 0, u)] (17)

where

r F(. 0, u) I + [0.5 + 0.82 e-(Wv/&)4/2] co (2(0-0*))

+ 0.32 *"(Wu/g) /2 cos (4(0-e*))
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for

- j 0 - 8* <.! and zero otherwise.

The integral of F (w; 0, u) for any w and u over its range of definition for 0

is clearly 1. For small values of w, the value of F becomes

F(O, 0) 1 1 + 1.32 cos (2(6-0*)) + 0.32 cos (4(e-*.) (19)

which is zero at 0-6*= w +T/2; and, for large w, it becomes

F(-, 6) 1 1 + 0.5 cos (2(0-0*) (20)

which is -at 6-0* w + i/2.

It should be noted that

8 4 4 1(CosO) -1 + i cos 20 + 1-cos 4e (21)

4so that, for low frequencies, Equation (18) varies as essentially as [cos(0-0*)]
The SOWM spectrum is more peaked for low frequencies.

As alternate form for the angular spread has occurred in the literature as

G(O) - G (cos e/ 2 )p (22)

properly normalized by G0 with values of p around 16 for low frequencies in the

spectrum. These two angular spreading functions are compared in Table 4. The

slight difference between these functions would be difficult to identify, especially

with the resolution of the SOWM.

THE SPECTRAL OCEAN WAVE MODEL SPECTRUM FOR A FULLY DEVELOPED SEA

Equations (17) and (18) can be used t) compute the 180 values in the SOWM

spectrum exactly for a fully developed sea, as designated by S (fi. O1, u) as

defined by Equation (1), if the wind speed and direction are known. For example,

from Equation (10) with

28



TABLE 4 - A COMPARISON OF TWO DIFFERENT ANGULAR SPREADING FUNCTIONS

(Co )(os82(degrees) (cos 0)4 (cos

0 1.0 1.0

30 0.56 0.57

45 0.25 0.28

60 0.0625 0.100

90 0.0 0.004

29
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¶f

i +A-• 2 " 2r(f + A-) and so forth

(23a)
?w W• + A W./2

S.(fivu) M f S(W) d w
W - A w 1/2

4 ( 4
S (filu) M -a U'(P [ je (i9 2)

(23b)

-exp L i w j)J

which yields the values of S (fi,u) in feet if g is in feet-seconds-2 and u is in
feet-seconds-1. The values of a, 8, and g can be combined and a transformation so

that u is in knots can be used so that Equation (23) can be computed directly. The

Kitaigorodskii range at high frequencies can be computed in a similar way if it is

needed.

From Equation (18), with angles in radians, and * replacing 0 as the variable

of integration

*F(uw,#)d* - G(u, w; e, 0*)

-Y+e*
(24)

- + + - 8*) + H(w, u) sin 2 (8-e*) + M(w, u) sin 4 (e-o*

where H(w, u) - 0.25 + 0.41 exp [-(wu/g)ý4 2] (25)

and M(w,u) - 0.08 exp [-(wu/g)/'2] (26)

Suppose for example, that the wind direction is from 276 degrees and that the

8 - 60 /2 are given by 166 degrees, 196 degrees, 226 degrees, 256 degrees,

30
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286 degrees, 316 degrees, 346 degrees and 6 degrees (+ 360 degrees), so that seven

values of S (fi, 8 ) are needed.

The value of j-- 6* is -186 degrees or -wr(186)/180 radians. The value of

S (f ) for the first angular band would be

S (fi) [G(2wf., u, 196w/180, 276w/180)]

the next value would be

S1 (fi) [G(2nfi, u, 226w/180, 276w/180) - G(2nfi, u, 196u/180, 276w/180)]

and so on. There would be 7 (x 15) - 105 nonzero values of S (fl, 89 and 5 (x 15)

- 75 zero values to define the spectrum. The significant wave height would almost

equal the value from Equation (12), if evaluated in the correct units for the wind

speed used, except that it would be slightly higher because of Equation (16).

GROW

INTRODUCTION

At the end of a complete cycle of Grow, Dissipate, and Propagate, each ocean

grid point of the model contains 180 numbers that describe the spectrum at that

point at that time. The wind speed and direction have changed to a new value for

the next time step. The problem addressed by Grow is that of determining how much

the wind-generated part of the wave spectrum will change during the next 3 hours

for the new wind.

The theories available to explain the growth of a wind-generated sea were

those that treated a turbulent wind field advected over an initially calm sea
28

surface, which explained how wares could be generated on an initially calm ocean,

a theory on how the wind extracted energy from a boundary layer logarithmic wind
29 29profile to generate waves, and Pn extension of this second theory by means of

turbulent effects that enhanced this second mechanism and made it stronger. 3 0

This theory could be called the Phillips-Miles-Phillips theory of wave

generation. It is essentially a linear theory in that the growth of each spectral

component is independent of the growth of any other spectral component and in that

the waves can grow to be infinitely high.
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Tests, even to the present time, seem to indicate that the mechanism pro-

posed in this combined theory are too weak to account for the observed generatimo

of waves. Alternate mechanisms involving a theory of third order, nonlinear wave

interactions have been set forth to try to explain wave growth.47 In the opinion

of the writer (as partially expressed in Reference 57), there are many problems

associated with these third order, nonlinear growth theories such that they do not

offer a correct explanation for the growth of waves on the ocean. It would have

been possible between 1966 and 1974 to have tried to paramaterize the nonlinear

theory, but this was not done.

THEORETICAL MODIFICATIONS

Instead, the functional form of the Phillips-Miles-Phillips theory was used

and the parameters and constants in it were adjusted, usually by making them quite

a bit larger, so that the observed growth of the spectrum for a given frequency

band would be reproduced by the growth equations. Because only frequency spectral'

estimates were available, only the integrated growth over all of the direction
31

components could be studied and parameterized. These functions went through

several cycles of analysis and improvement as additional data became available.

Each change was tested against actual synoptic scale wind fields and checked against

actual wave height data for ocean conditions.

For a given frequency band in the SOWM spectrum with a given central frequency,

one can consider

S (f ) LS(f 1 ,Qj (27)

e
This represents the sum over direction of all of the elements in the spectral array

at a given frequency and within 90 degrees of the wind direction.

If there were no waves present in this spectral band at the time of the time

step and, if there were some wind, the theory would say that

d S(fi)

dt " A(fiuu) + B(fiu) S(f 1 ) (28)
32
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with the initial condition S(fi) - 0 at t - 0. The solution to this ordinary

differential equation is

Sm A(e -1)/B (29)

where functional dependence on wind speed and frequency is understood from Equation

(28). Note that

dS eBtd A A + BS (30)

A solution to Equation (28) exists even if B is zero, as in Equation (31)

S - A t (31)

Waves generated by this mechanism alone would take an extremely long time to grow to

observed heights.

Equation (2) has the properties that, if A is zero, the waves will never grow

and that it is asymptotically equal to Equation (31) for small values of t. It also

predicts unbounded wave growth with increasing time. It would be possible to re-

quire that Equation (29) hold if

S(t) < S (f i u) where (32)

S (fi, u) is the fully developed spectral frequency band and that

S(t) - S (u) (33)

if Equation (29) exceeds the fully developed value. The effects, if t~biy exist,

that limit a wind sea to the fully developed spectrum have an off-on property that

may not be realistic.

In the SOWN, the growth of a spectral frequency comonent is modeled by

Equation (34) in an effort to slow down the spectral growth during the lest sti4ga

of the growth of each frequency component,

33
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de {A[1 - (S/S + BS},[1 - (S/S) 2 ) (34)
HE

where S - S(t), A - A(fi~u), B - B(fi,u) and S. - S(fiu), which is the value of the

spectral band for a fully developed sea for the present wind speed.

The solution of Equation (34) for S - 0 at t - 0 is given by Equation (35)

S(t) M A(eBt-1)/B[F(t) ]½ (35)

where F(t) - 14 M L 2 (36)

For the early stage of the growth of the spectral component, the result of Equation

(35) is similar to Equation (27), but as t approaches infinity

S(t)/-.W S (u) (37)

That Equation (35) is the solution of Equation (34) can be verified by a few sbiple

calculations.

- A eBt F-h A3(eBt - 1)2 F-342
dt B2 S2

a A eBt F-1 [1 - (S/Sf)2] (38)

- fA[1 - (5/S) 2it + BS)-[l - (S/$S) 2]

At the start of the time step, t - to, the spectral band has reached the value,

S(f) .If the wind is too light, nothing at all Is done in Grow, and the spectral

bands remain unchanged. If 8w(fi) equals or exceeds S, (fiu), nothing is done and

the spectral band remains unchanged.

If 0 < Sw(fi) < 0.95 S 0(fis u), that frequency component of the wind-generated

sea must grow to a new value during the next 3 hours. The time, t,0 required for

the spectral component to have grown to the value Sw (f I ) needs first to be found.

In Equation (35), everything is known except to since S(to) - Sw(f ). The value of
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to is given by Squation (39).

B 0° 3 sv •S I :+ Rn (A. B, S S.) (39)

The new value of the spectral component at to + At, where At is 3 hours is

SNEW Ale B(t 0 +At)-1] /[B F(t° At)] (40)

The right hand side of Equation (39) can be substituted into Equation (40) and

the increase in the spectrum for 3 hurs can be found.

A S(f) - S(fi)EW - S (fi)

(41)

A[e BAt R -11 s

B[1 + (A(e~t R~ 1))2]B +\ BBS.

This equation is the one programmed for the SOWM for a fixed time step of 3

hours. It is seen that the increase in the spectral component is simply a known

function of the 3-hour time step, A(fiu), B(fi,u). Sw(fi), and S.(fiu). The time,

to, can be quite different for each of the spectral bands that may be increased

by Grow.

If 0.95 S < SV(fi) < S

then

A S(f%)S(fU) - S(f) (42)

The increment in the frequency spectrum from either Equation (41) or (42) is

then spread out in direction according to Equation (24) and the present wind

direction. As illustrated above, the fractions of the total area In 30-degree steps,
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-roperly aligned with the reported wind direction and the direction bounds of the

Sirequency-direction components, are found for each frequency-direction band. These

fractions, which add to one, times AS(fi) are added to what is present in the

spectrum for each frequency-direction component.

For each frequency band, either six or seven of the direction bands will be

increased by this calculation. Only if the wind direction is exactly at the

boundary between two angular bands, will six angular bands be changed. All angular

bands for each frequency in the spectrum are treated in this way except that those

for the highest two frequencies are always treated to be in instantaneous equilibrium

with the local wind.

THE FUNCTION A(fiu)

The function, A(fiu). is based upon the theory of Phillips 2831 and is a

modification of the equations and techniques used by Barnett in that additional

data on its relation to the wind at 6.1 meters have been used. 5 9' 3 A neutral wind

profile and an assumed relationship between the roughness length and the friction

velocity are used to compute the wind at 6.1 meters (20 feet), from the wind at

19.5 meters (64 feet). Two different equations for A(filu) are used. Given a wind

at 19.5 meters in knots, it is converted to a wind at 6.1 meters and to the units

of meters per second.

Then
-6

if w• u6 1 > 0.02

A(fiu 6 .1 ) -1 (43)
A2 f, 6 )if wi u6l1 > 0.02

where

w/2
A( (.3x -14 )W4 u3 (44)Ai(fiu 6 .1) = 2(1.438x10 1)wi u6 . 1  Ql(Wi,u6.1,u )R,(wi,u6.1,e)

w/2
S,^-12) 5.25 1.75 dA2 (fi,u6 .1 ) - 2(4.3xlu i U6 "1  Q((W4R

01 2 (,l'u6.1 'O )2 (wi'u6. l ' )
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and where

-1 2 2-1 2
Q, 0.2704(wu 1  + ((Wi s-Ain e) (46)

R -4.87x10-
6 + (W29-1 co0- i- 1 2 (47)

Q2 - Q (48)

R2  0.1089W2.5  2 5 + (W29-1 coo e - -1 2 (49)

and where

W- 2'Rrf1,u6.1 is in meters per second and g is in meters second-2

This integral is evaluated by finite differences as a function of e for a given
f and u 6 .1  If the integral is defined over -wr/2 to +wr/2, it must be defined as

an even function of a. The function, A(fi~u), is essentially continuous at wi u6.1
0.02.

THE FUNCTION B(f13 uk)

The function B(fitu*) was expressed as a function of u* (the friction velocity*)

and required an integration over 9 for the appropriate equation. 29 ,30 ,3 1  The result

was a rather simple function that could be expressed analytically as a function of

f and u*. This function is given by

10 4 ff r k2 (i- k~ 2 U* 2 k5 (ci )2
B(fisu*) - -r--~ iie \ 1  3 + k4  5 (50)

where k- 15, k - 7000, k3-0.031, k 4 - 7836 and k~5 - 0.0004eand where B is in

*The friction velocity is a quantity used to define the wind profile over t~i
sea surface. It has the same direction as the wind and is defined by u. - (Tip) '8
where T is the stress of the wind on the sea surface and p is the density of the air.
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Sseconds- 1. From Equation (39). B(fi,u*) is multiplied by the number of seconds In

3 hours (i.e., 1.0800 x 104). In Equation (50), c is the phase speed of the

spectral component with the frequency fi In the same units as u*.

DISCUSS10N AND EXAMPLES

The value of Sw(f) was the result of all previous time steps for Grow,

Dissipate, and Propagate. It could have the value that it has from swell that

reached the grid point from quite a distance away; or it could have traveled to

the grid point from upwind over a large fetch of more or less constant wind.

The nature of Equation (35) is such that the early stages of spectral growth

are very slow as a function of time. Then, the exponential term takes over, and

the spectral component grows toward saturation, slowing down slightly just before

saturation. A special feature of the SOWM Is that very small values of S(fie O)

are carried in all calculations so that the time required for the early stages of

the growth of a spectral component has already been accounted for in midocean.

These low values are discarded in archiving the spectra, but they are essential for

realistic growth in midocean.

With test values for the functions A(fi,u) and B(fisu*) at an early stage of

the development of Equation (35), the growth of the frequency spectrum from calm

to fully developed was computed for an infinite fetch with an instantaneously

turned on constant wind.

One such result is given by Figure 5. Although each spectral band started to

grow at t - 0, the high frequencies grow the quickest and the soonest, and rapidly

reach the fully developed state. The duration-controlled spectrum grows from high

frequency to low frequency in a way quite similar to the way waves were grown as a

function of duration in HO Pub 603. In about 42 hours, this wind sea becomes

fully developed.

Contrariwise, in midocean for the SOWM, the initial condition is rarely

(Sw(fi) - 0 for all frequencies. Some background spectral components are usually

present for many diverse reasons from previous time steps. Figure 6 shows what

happens when a white noise fairly low background is present. The spectrum grows

very quickly to full development at that wind speed in 18 hours. This example is

over simplified compared to the actual variability of S w (f i) as a function of fi

A long standing area of debate in the 1950 to 1966 time frame was concerned

with the fetch and duration required for a fully developed sea. For example, for a
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wind of 40 knots (20.56 meters per second), some data and analyses for the eastern

side of the North Atlantic showed that only 18 to 24 hours were needed to reach full
60,61

development. Other data and other analyses on the western side of the North4
Atlantic suggested several days. Corresponding differences were also evident for

the required fetch. The suggestion62 that different initial conditions with low

background waves could account for such differences in the time for full development

and the required fetch led to tests in which the very low components were carried

along in the model as described above so as to result in this wave growth model.

A COMMENT

There is the possibility that S(five) as a function of e. for a relatively

high frequency would grow in such a way as to produce a bimodal function, if the

resonance mechanism A(fiu) dominated the growth, as suggested by the form of the

second term in the denominator. Except for the slight hint of a bimodal form in

the results of the Stereo Wave Observation Project, there are few data to support
19such a possibility. For a locally generated wind sea, the lateral components of

the mesoscale turbulence could conceivably blur a bimodal form to the unimodal form

used in the SOWM.

DISSIPATE

For a SOWM spectrum at a grid point under analysis, there are often spectral

components traveling against the wind sea. The Dissipate routine attenuates those

spectral components traveling against the wind for each frequency direction

component, S(fi,ej), according to Equation (51)

S-C(Sw) f14] K(e8)

sD(fipej) - S (f , L (51)

where SD is spectral component after dissipation, Sw is defined by Equation (27),

C - 690 is a constant with the dimensions of [T4 L- 1 that accounts for the total
effect oi 3 hours of attenuation when Sw is in (feet)2 and fi is in seconds-1 The

power, K(6j). is dimensionless and equals 6 for the component that is traveling

aearly opposite to the wind. It equals 4.5 for the next two direction components

on each side of the one traveling opposite to the wind. It equals 3 for the last

two that are involved and that are traveling nearly at right angles to the wind.
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Equation (50) is based on Equation (8) of Section 348 of Chapter XI of Lamb
63(1932, 6th edition), except that wave number has been4expressed as frequency and

molecular viscosity has been modeled by a wind-sea-dependent eddy viscosity, which

in turn is wind-direction-dependent.

Thus, both the spectral growth equation and Equation (51) have treated breaking

as the most important effect in limiting wave growth and in attenuating waves. That

this effect is extremely important can be seen, at least qualitatively, in Figure

12.1 of Reference 15. Wave motion per se is dominantly irrotational, but the

turbulence that occurs as waves break introduces dissipative effects by means of

the interaction of a vorticity field with the wave motion. Being concentrated

near the surface, these turbulent motions, must have their greatest effect on the

short, high frequency waves, which partially justified the dependence on the fourth

power of the frequency. The higher frequencies in the SOWM spectrum traveling

against the wind are rapidly eliminated by this dissipation mechanism.

Also, wave breaking is controlled by the height of the wind-generated sea so

that the exponential term in Equation (51) often varies as the square of the wind

speed. The dissipation term becomes increasingly more effective as the speed of

the wind increases and the local wind sea builds.

The wind direction dependence cannot be justified by the aLove analysis. It,

in a sense, is partially based on the idea that dissipation could be similar to

Equation (29) with a negative time dependent exponential term and with an angular

spreading affect that would be most effective if the spectral component ran directly

against a local wind sea.

The constant, 690 and the values of K(Oj) were determined by numerical

experiments in which a sequence of extratropical cyclones passed a British weather

ship that had obtained wave records. Without the dissipation effect, the waves

would die down after the passage of a cyclone to values that were too high. The

next cyclone would cause the waves to increase to values that were much higher

than those observed. After its passage the waves would be higher still after

dying down.

For a third, and final cyclone, the waves at the height of the generation
phase would be 20 to 30 percent too high. The values of C and K(e ) were adjusted

until the model wave heights and spectra tracked the observed (estimated) wave

heights and spectra for about a month.
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The same Dissipate mechanism was also used in a tropical cyclone model as

adapted to a 24-direction spectrum. Equally good results were obtained for wave

height time histories and frequency spectra comparisons for this model. 5 1

The winds over the ocean vary in both speed and direction for each time step

of the SOWM. When combined with Dissipate and Propagate, the Grow part of each

time step responds effectively and realistically to these changes in the wind. The

wind sea spectrum at the start of the time step has virtually an infinite number of

initial values. Each of these initial values is changed to a new set of values

that are usually lined up more nearly in the local wind direction than they were at

the start of the time step.

PROPAGATE

BEHAVIOR OF SWELL

Waves that leave an area in which they were generated and travel into an area

of relative calm are called swell. The hand graphical methods for wave forecasting

had difficulty with this concept in that the boundaries of the generation area were

difficult to identify and were usually over-simplified in the analysis of the wind

field and in that the swell emanating from the generation area was started toward a

distant forecast point at a more or less arbitrary time. In the SOWN, the effects

of fetch and the dispersion of swell are accounted for in the Propagate part of the

model by translating the fields that result for each frequency-direction component

in the known direction along a great circle path at the group velocity of the

spectral component.

The choice of a gnomonic subprojection for each of the twenty triangles of the

icosahedron was made bacause of the need to propagate waves correctly over oceanic

distances. The difficulties inherent in any other grid system at that time seemed

to be prohibitive.

A spectral component, as an example, with a frequency of 0.05 Hertz (a period

of 20 seconds) travels at a group velocity of 30.3 knots (15.57 meters per second).

In 3 hours, it moves 90.9 nautical miles (168.3 kilometers), and in one day, it

moves 727.2 nautical miles (1346.7 kilometers). or about 12 degrees of arc along a

great circle. Some of the components generated in extratropical cyclones rapidly

(in a geophysical sense) reach the subtropical highs (where the winds are light),

travel through the highs, and on to the Equator.
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The process of dispersion, as a result of both the angular variation of the

spectrum and the effect of group velocity, is an on-going, ever present, physical

phenomenon. In the SOWN, the model never has to discriminate between sea and swell.

Fetch and duration-limited waves are automatically accounted for the repeated

application of Grow, Dissipate, and Propagate in contrast to more recent models for

which hybrid procedures have been developed. 4 7 , 64 ' 6 5 , 6 6

THE FREQUENCY-DIRECTION FIELDS

After the operations of Grow and Dissipate, the spectral values that result

from these two steps are rewritten into a different part of the memory in the form

of frequency-direction fields. Since there are 180 values for the spectrum, of

!which 24 are treated to be in instantaneous equilibrium for two high frequency bands,

this requires 156 separate frequency-direction fields for each of the icosahedral

triangles that are involved in Propagate. To carry out the propagation step, it is

necessary to know the values of the spectral component at the grid points for a

given direction that are upstream of a particular grid point, downstream of a

particular grid point, and upstream of the upstream grid point as described pre-

viously in the legend of Figure 3. This last grid point is called the upper up-

stream grid point.

At the edges of each main triangle of the icosahedron, there is no information

on the downstream grid point for an outbound spectral component. In order to

"provide this information, an additional row of points is used to surround each of

"the subprojection triangles. The new, augmented triangle contains 28 points on each

side for a total of 406 grid points to be used in the Propagate subroutine. The

calculation of the spectral components for the rows of points on the augmented tri-

angle takes into consideration the changes in direction of the great circle paths

as the spectral components travel across the edge of a triangular subprojection

and transforms them to the triangle being analyzed.

For a primary direction of propagation, there will be a row of grid points

lined up along a great circle path in the direction of propagation of the particular

frequency-direction spectral component under analysis. For a secondary direction

of propagation, the upstream and downstream grid points relative to the grid point

being analyzed are treated differently. The points on the inner hexagon are shifted,

first one way and then another way, on alternate time steps as shown in Figure 3.

The value of the spectral component at a grid poinit is assumed to be located on the
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base of the triangle forming the inner hexagon of the grid, halfway between two'

points of this hexagon. The propagation distance is shortened to the value that

would be calculated for a great circle path along this base. The points for the

propagation scheme for the secondary directions of travel are closer together (in a

sense) then those for the primary direction. The program knows which of the two

shifts has been made, and they are alternated every 3 hours. It must be asasumed

that the frequency-direction field is smoothly varying enough to permit the toggling

approximation.

The spectral values that lie along one of these great circle lines on the

augmented triangle form an envelope of values that represent the spatial variation

of the frequency-direction component. The problem for Propagate is to shift this

envelope, without changing its form in the direction of wave propagation by an

amount that would correspond to having each spectral component travel along a great

circle path at its correct group velocity for 3 hours as given by the central

frequency in Table 2.

THE DISCONTINUITY FIELD

One of the most interesting features of th- arrival of swell at a distant

point is that it often appears suddenly. A wave record taken at a particular time

will contain no low frequencies, and a wave record taken 3 hours later will contain

these low frequencies which then indicate the arrival of swell with a distinct

arrival time from some distant source. The Propagate subroutine attempts to pre-

serve this feature of the arrival of swell by not permitting the envelope to spread

out and become flatter as the waves propagate across oceanic distances.

In order to preserve this particular feature of the arrival of swell and to

model the effects of fetch as the spectral components propagate away from land,

each spectral value in the spectrum has associated with it, for the last six bits of

the word defining that spectral value, a number that varies between zero and one.

This number is the discontinuity value. If it is slightly less than one and greater

than zero, this number indicates that a discontinuity exists and has propagated

that fraction of the distance from the grid point associated with the spectral value

toward the downstream grid point. If this number is equal to one, it indicates that

no discontinuity exists, and the envelope of the spectral values for this particular

frequency-direction component is then translated in a different way because it is

relatively smoothly varying.
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The use of a discontinuity field is an attempt to treat various observed wave

effects within the constraints of the current model. Wind shifts at fronts, shadow-

ing by land features, and the relatively sudden deepening and filling of cyclones

can all result in sudden changes in space and time of the waves.

Since the spectrum was changed at each grid point by the Grow and Dissipate

operations, the discontinuity field that existed at the start of the time step is

no longer applicable for the Propagate routine at some of the grid points. The first

step in Propagate is to repair the discontinuity field.

Discontinuity values, other than one, are associated with a particular grid

point for three different reasons. If that particular value in the spectrum is a

local maximum (that is, if the spectral values upstream and downstream of the grid

point are both less than the value at the grid point), there must be a discontinuity

inserted for the upstream grid point and for the particular grid point being

analyzed. Similarly, if there is a local minimum along this line of spectral values,

a discontinuity must exist at the upper grid point and at the grid point being

analyzed. The program checks to see if these local maxima and minima exist. Then

it checks to see whether or not the discontinuity values are equal to one. If they

are not equal to one, this particular feature existed for the prior time step and

no changes are made. If the discontinuity values for either the upstream grid point

or the grid point being analyzed, are equal to 1, the appropriate discontinuity

value is set equal to 0.5.

Discontinuities are also inserted wherever the values of the spectral component

change by more than 20 percent from one grid point to the next. If the absolute

value of the difference between two spectral components along the great circle

divided by their sum is greater than 0.4, a discontinuity value of 0.5 is inserted

at the upstream grid point under consideration, if it did not exist from the previous
time step.

For an offshore wind, the discontinuity field always ensures that there will be

a discontinuity between a land point that is upstream of a water point in the model.

This discontinuity value, if it does not exist at the start of the Propagate

routine, will be inserted because of the rule just described as soon as the water

grid point has a nonzero spectral value.
Changes in the spectral value* caused by Grow and Dissipate can also produce

conditions for which a discontinuity is no longer needed. These discontinuities

are then removed by setting the discontinuity value equal to one.
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The flow diagram for the Repair D Subroutine is shown in Figure 7. An error

termination should not occur when the spectra are correct, and thus an error termina-

tion indicates something drastically wrong with the spectral field.

THE PROPAGATION OF EACH FREQUENCY-DIRECTION FIELD

After the operation of the subroutine that repairs the discontinuity field,

each frequency-direction field will have associated with it both the values of the

spectral component for that particular frequency and direction and an indication of

the shape of the frequency-direction field along the great circle lines of propaga-

tion of that spectral component. Once the discontinuity field has been repaired,

the steps that are taken to change the frequency-direction field to one appropriate

for 3 hours later are as follows, as quoted with minor changes for Reference 2:

"Propagation of the spectral variance field is accomplished in a subroutine

called MOVE3. The basic mode of propagation is by a linear velocity gradient

technique. There are four possible discontinuity configurations, uhich are:

(1) no discontinuity,

(2) upstream discontinuities only,

(3) a downstream discontinuity only, and

(4) both upstream and downstream discontinuities.

Each frequency-direction field is propagated at group velocity depending on the

value of the discontinuity attached to each frequency-direction component of the

wave spectrum. If no discontinuity exists, then the field is assumed to be

continuous and propagation can be done by means of an upstream velocity gradient;

however, due to the great variation in distance between grid points discontinuities

will exist at many points in the field.

"The propagation equations require the values of the spectral variances

S(fie ) and the discontinuity at the downstream, upstream, and upper-upstream grid

points. If a discontinuity exists for a particular frequency-direction component,

the value of the discontinuity indicates the fraction of the grid distance beyond

the grid point that the component has traveled.

"For a given pattern of discontinuities, one of four methods of propagation

can be used. They are the upstream gradient method, the downstream gradient method,

the upper-upstream gradient method, and (the) pure jump.

"Since the spectrum at each border grid point is duplicated in two subpro-

jections, and since it is necessary to have the wave spectrum at the upper-upstream
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grid point in order to perform the propagation calculations, only the outbound

directions on each side of a subprojection are propagated. It is then necessary to

reconstitute the full spectrum (on the edges of) each sub-projection after the

propagation calculations are complete before the next time step is started.

"The manner in which the spectrum is reconstructed is similar to the way in

which the edges were bridged to construct the av-aented triangle to start the pro-

pagation calculation. At each border grid point, the inbound directional components

are, or course, the outbound components of the adjacent subprojection; each component

is transformed to the local coordinate system of the sub-projection in which it will

be used.

"The gnomonic projection presents severe problems regarding the areal distor-

tion of the projection. In order to account for this distortion, each frequency-

direction component is corrected by an areal distortion parameter for the hexagonal

region represented by each grid point. (Parallel lines on a gnomonic projection

actually converge or diverge on the globe, and this correction accounts for this

effect.) In addition, the distances used in computing the various gradients are a

function of position on the gnomonic plane.

"The (propagation scheme for secondary directions) must be modified in the

vicinity of coasts. For example, for a secondary direction the grid points up-

stream are used on alternate time steps. If only one of these points is land, it is

possible that Lhe discontinuity from the land point may pass the target grid point

on a toggle that is not used for the propagation computation at that time step. To

account for this possibility, it is necessary to examine both upstream points at

each time step. If the current upstream point is land, the computation proceeds

normally; however, if the current upstream point is sea, it is necessary to check

the value of the discontinuity at the alternate upstream point. If the discontinuity

will pass the current point on this time step, then the zero from the upstream land

point is jumped to the current grid point and the discontinuity reset to the

corrected value. The effect of this Oi•cedure is to preserve the correct fetch

effects along irregular coast lines as well as to model the turning behavior around

headlands.

"Figures 8, 9, and 10 show the various methods used for wave propagation.

Figure 8 shows the calculations used for the no discontinuity condition and the

downstream only discontinuity condition. Figure 9 shows the method for an upstream
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only discontinuity and Figure 10 shows the method for both upstream and downstream

discontinuities."

Figure 11 is a schematic example of conditions that might exist after the dis-

continuity field has been repaired at the start of the propagation subroutine. As

shown, it is hypothetically for the eleventh frequency band and the third direction

component, which is a primary direction. The actual distances between grid points

vary along the direction of propagation, but are shown as constant for the gnomonic

projection. For the 22 grid points shown, there are two land points at each end.

The spectral values are shown with an arbitrary scale as dots at each grid point.

They are very small compared to all of the others at Grid Points 19 and 20. (In

the actual SOWM, the grid points would have quite different values since they are

numbered sequentially starting in one corner.)

Grid Points 4, 5, 6, 9, 14, 15, 16, 18, and 19 have no downstream discontinuities

associated with them. The discontinuity is carried as a one in the computer pro-

gram to indicate this fact.

Grid Point 1, a land point, has a discontinuity, DI, that has propagated
almost to Grid Point 2. The discontinuity has existed for at least one previous

time step. Grid Point 2 has a discontinuity, D2 , that was just inserted halfway

between it and Grid Point 3. Grid Point 3 has a previously existing discontinuity

that has almost reached Grid Point 4.

Grid Point 8 shows a local maximum. It was just created by Grow and Dissipate;

and D7 and D8 are halfway between Grid Points 7 and 8 and Grid Points 8 and 9. Grid

Point 11 shows a local minimum that existed for at least one previous time step.

The discontinuities D and D have almost reached their respective downstream
10 1i

grid points. Grid Point 13 is a new local maximum with new discontinuities D and
12

D
13*

Finally, the discontinuity at Grid Point 17 has almost reached Grid Point 18.

It will, in not too many hours, moving at a speed of 24.85 knots (12.77 meters per
second), pass Grid Points 18 and 19 and reach 20, perhaps as swell with a period of

16.4 seconds.

Grid Point 2 has both an upstream and a downstream discontinuity. From

Figure 10, D1 (the upstream discontinuity) and D2 (the downstream discontinuity)
are increased by the fractional part of the distance they propagate at group velocity
during one time step. The upstream discontinuity may be either less than or equal

to one or greater than one.
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Suppose that it is greater than one. The discontinuity has passed Grid Point

2. The first F branch in Figure 10 is taken. The downstream discontinuity D2 has

also moved; and, in time, it has either not reached Grid Point 3 or it has passed

it. If D has passed Grid Point 3, the discontinuity at Grid Point 2 is set equal

to the amount by which D has traveled past Grid Point 2. If both D and D2 lie

between Grid Points 2 and 3, their average position is used.

The program continues to entry point A on Figure 9 and looks at the discontinuity

at the upper upstream grid point (Grid Point 0 in the example). The discontinuity

value for a land point surrounded by land points is one, and thus the spectral value

at Grid Point 2 is set equal to the value at Grid Point 1 (a land poInt), which is

zero.

On the other hand, suppose that D did not move past Grid Point 2. If the up-

stream discontinuity DI moves past Grid Point 3, the discontinuity at Grid Point 2 is

set equal to 1; if DI did not pass Grid Point 3, it is set equal to its new value.

The value of the spectral component in either case is not changed and the program

moves to Grid Point 3, still working with the original spectral values and

discontinuit ies.

Incidentally, Grid Point 1 is treated in the same way as water points. If the

downstream discontinuity moves past Grid Point 2, the new value of the discontinuity

is set equal to one half.

Grid Point 4 has an upstream discontinuity only. Either it will move past

Grid Point 4 during this time step or it will not. If it does not move past, the

T branch in Figure 9 is followed, the discontinuity value for Grid Point 4 is kept

equal to 1, and the new spectral value at Grid Point 4 would be decreased by means

of the equation shown on the right hand side of Figure 9. In essence. a straight

line through Grid Points 4 and 5 is extrapolated to upstream. The line is then

translated as an envelope to the right at group velocity and the new value for the

spectrum at Grid Point 4 is found.

Grid Point 5 has no upstream and no downstream discontinuity. The new spectral

value at Grid Point 5 is found quite simply as shown on Figure 8.

The flow charts are slightly deceptive in that the spectral values are also

corrected for the effect of convergence and divergence of the great circle paths

during the propagate step. The spectral values are divided by an areal distortion

term before the calculation is made and multiplied by that term after the calcula-

tion to obtain the new value.
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The flow charts treat all possible contingencies exhaustively. The final

result, after applying the above logic to every single grid point for every frequency

and every direction, is a completely new set of spectral values and discontinuity

values at each grid point as contained in the frequency direction arrays.

These arrays must then be reassembled into the 180 values for the spectrum at

each grid point. The grid points on the sides of the triangular subprojection are

treated differently, as described above; but the final result is such that the winds

for the next 3 hour time step can be accessed and the processes of Grow, Dissipate,

and Propagate repeated once again.

If the winds over the oceans were to cease completely, Grow and Dissipate

would no longer change the spectrum. The row of grid points in the example is about

3045 nautical miles long. Repeatcd applications of Propagate would shift the

envelope to the right. In about 5 days, the discontinuity D1 would travel to Grid

Point 20 and all spectral values along the section would be zero.

For those spectral components in a frequency-dire"tion field that are traveling

away from land, this Propagate routine effectively takes into account the effects

of fetch within the time and space resolution of the model. As soon as a spectral

component that is one grid point in from land becomes nonzero for an offshore wind,

a discontinuity value will be inserted halfway between that grid point and the up-

stream land grid point. By the Propagate routine, the discontinuity will be shifted

at group velocity toward the water grid point. As soon as it passes the water grid

point, the spectral value will be set back to zero. A close inspection of the

behavior of grid points near land shows an oscillation in the values of the higher

frequencies as the spectra evolve from one time step to the next. Nevertheless, the

particular spectrul component can never get to be very high, because it is contin-

uously being erased by a zero propagating to that grid point from land. The lower

frequencies in the spectrum, as mentioned in the Grow section, take quite a while

to reach appreciable values. The effect of zeros propagating from land is to limit

the growth of the lower frequencies, farther and farther offshore, so that the high
frequencies are found near shore, in an offshore wind, but not the low frequencies.

One must look several grid points downstream during an offshore wind to find low

frequencies in the spectrum with any appreciable amplitudes.

Moreover, an area of high winds over the ocean can itself translate along at a

speed and direction equal to the group velocity of a spectral component. The

effective duration of the wind under such circumstances will be much longer than
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what would be calculated at some fixed point. The effective fetch would also be

much larger. It is difficult to see how a hybrid model could treat this effect.

Conversely, spectral components that are propagated toward land will eventually

reach a land grid point with this propagation scheme; and, when they do, they are

set equal to zero. Wave dissipation is accomplished therefore by destroying the

waves as they reach a coastline, just as if they were experiencing 100 percent

breaking and dissipation. There is no reflection of the waves from the coastline.

Similarly, for the Northern Hemisphere model, those parts of the triangles that

comprise the Northern Hemisphere that extend into the Southern Hemisphere, areii filled with land points, and any spectral component that reaches the Equator

effectively disappears, because the Southern Hemisphere is not present in the model.

The propagate part of the SOWM, in contrast to Grow and Dissipate, where the

continuous nature of the spectral function is preserved to a greater or lesser

extent, treats the various spectral components in a somewhat unrealistic way, in

that all of the spectral variance associated with a spectral component is pro-

pagated at a single frequency and in a particular direction. If the oceanic areas

involved are too large, something similar to what was illustrated in HO Pub 603
4

(on page 79) could occur to the frequency-direction fields that were generated in

a particular area of high winds. The frequency resolution for the SOWM is probably

good enough to prevent major discontinuities in the behavior of the frequencies,

but the angular resolution probably allows certain spectral frequency-direction

fields to spread apart and leave gaps between them after they have travelled a

great distance from the source. For this reason, swell may be too high in some

areas of the trade winds and too low in others. The effect may actually be system-

atic because of the fixed angles for the angular resolution possible within oceanic

areas where high waves can be generated.

It is known that the Fleet Numerical Oceanography Center (FNOC) has been

testing a new version of Propagate for the SOWNM with grid system based on latitude

and longitude that allows double the angular resolution of the currently operational

model. This should improve the product substantially. Future models may include

improvements that could make Propagate more realistic.

A FLEET NUMERICAL OCEANOGRAPHY CENTER MODIFICATION THAT AFFECTS PROPAGATE

The currently operational version of the SOWM at FNOC contains some additional

programing in the Grow part of the program that actually modifies the way the
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spectral components Propagate. For each frequency band during Grow, some further

checks on the angular spread of the spectrum are made, if that frequency component,

S (fi), for the thirteen lowest frequencies exceeds the fully developed spectrum,
wi

S (fi), for the current wind speed.

If the peak of the angular variation at that frequency lies within t 60 degrees

of the wind direction, and if it exceeds the sum of the two values of the spectrum

one on each side, then the peak of the angular variation is reduced and the values

on each side are increased, keeping the total over direction constant.

This modification affects any generated sea as soon as the wind speed decreases,

so that the spectral component no longer grows, and any swell with a following wind

within t 60 degrees of its direction of travel. As soon as the angular variation

at a particular frequency smooths out, the modification ceases to operate.

If a narrow band of swell, say of unit variance had no spectral variance on

either side of it, as a function of direction, and if it extended over several grid

points along its direction of propagation, then the application of this modification

would change (for S(fiV - 30), S(fi,0), and S(fi,9 + 30) equal to 0, 1, and 0

respectively) the spectral values to 0.125, 0.75, 0.125 after one time step; to

0.203, 0.594, 0.203 after two time steps; to 0.252, 0.496, 0.252 after three time

steps; and then cease to operate.

The objective of this modification is quite desirable along the lines of some

of the points mentioned above. However, there are probably better ways to accomplish

the desired features of the modification without such drastic changes in the

direction of propagation of the spectral components.

THE COMPUTER PROGRAM

The SOWM was programmed for computing machines that were developed between

1955 and 1965 and are in use in the 1966 to 1981 timn frame. The faster, larger

capacity computers of today would permit shorter time steps, more grid points, and

a higher spectral resolution in anticipation of vastly improved wind fields and

wind field forecasts made possible by future remote sensing spacecraft. A great

circle propagation routine for a conventional latitude-longitude grid under test at

FNOC would result in a shorter computing time.

The present program at FNOC employs the equations and techniques described

herein. The details have been modified since it was documented in Reference 2.
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The (computer program for the) wave model is highly modular, consisting of a
main program and 13 subroutines. Each routine performs a specific task of the

computation. The program for the reduced resolution model was originally developed
and tested on a Univac 1108. It was then modified so as to rum on the computers at

2,3* FNOC and made operational. The details that follow are quoted, with minor

changes, from Reference 2.
"The input is the file containing the wind field. The output consists of two

files. The first file contains the complete two-dimensional wave spectra; the wind

speed; direction and wind stress; the-day, date, and time for the spectra; and their

location. The second file contains the total variance at all grid points for each

synoptic time of the calculation.

"Four files are required for the various tables used to describe the properties
of the gnnmonic projection and the land-sea tables for the ocean in question. Two

files are used for the grid point adjacency tables and distance tables. Two tables
are required because of the zig-zag method used to describe the paths of the

secondary directions.

"Two files are required for the coefficients used by subroutines FIX 2 and

RECNST. These coefficients are needed to perform the coordinate transformations
from one subprojection to another.

"Finally, two files are used for land-sea tables. One file is used for the

land-sea tables for the basic subprojection and the other is used for the land-sea
tables for the augmented subprojections.

"Two scratch files are used for the wave spectra. The first file contains
the result of the previous time step, which serves as input to the current time

step; these spectra are input to the Grow and Dissipate phase of the program. The

second scratch file is used for the result of the Grow-Dissipate phase and as input
to the Propagate phase. The result of the Propagate phase is written back to the

first file to be used as input to the next time step. In the normal operation of

the program, the contents of this scratch file should be output as a forecast or

for climatology (usually for every other time step) and saved to be used for the

next time step. The size of the files for the wind field, the two output files,

and the scratch files depends on the ocean for which the model is being run.
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The program consists of the main program and the following subroutines:

1. INIT 8. REPRD2

2. GROW 9. MOVE3

3. CMPE12 10. RECNST

4. LODTAB 11. PRN'T

5. ATERM 12. GAVES

6. PACPRO 13. PRNTS

7. FIX2

"The Main program provides overall control, for all phases of the model. There

are three modules to the program, the Grow module (which includes the Dissipate

calculation), the Propagate module, and the Save module.

"Subroutine GROW is a driver for the growth phase. This includes reading in

the wind field and the spectral fields, which are input to subroutine CMPE12, and

writing out the resultant spectral fields which are input to the next module.

Subroutine CMPE12 computes the new variance spectrum at each sea point based on the

value of the wind at that point. Subroutine CMPE12 has one function type subprogram

ATERM, which computes the "A" term for the spectral growth equations and subroutine

LODTAB, which has several tables of constants used by CMPE12.

"The propagation module is controlled by subroutine PACPRO which is the driver

for this section of the program. The first thing that must be determined is the

toggle key for the zig-zag scheme. This determines which adjacency and direction

tables will be used for this time step and which set of coefficients will be used

for the edge coordinate transformation.

"Each subprojection is processed in turn. This means that, as each subprojec-

tion is processed, it is necessary to know which edges of other subprojections are

adjacent to the current subprojection. In order to accomplish this, a table of

subprojection and side number is used. Once the correct subprojection is established,

another table is used to strip off the correct grid points to enable construction

of the extended edge of the augmented subprojection used for the Propagate computa-
tion. The spectra at these grid points are then transformed into the correct

coordinate system by subroutine FIX2.

"After all three sides of the subprojection have been processed, the results

are then appended to the correct frequency-direction fields, in turn, as the actual

Propagate calculations are performed.
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"The Propagate calculations are done in two steps. First, the entire frequency-

* direction field is operated on by subroutine REPRD2 to make the necessary adjust-

ments to the discontinuity field as described in the previous section on Propagate.

Then, subroutine MOVE3 does the various velocity gradient calculations, or varia-

tions thereto.

"When all subprojections have been processed, the spectra at the grid points

on the edges must be reconstructed, because only the outbound directions on an edge

are propagated. This is done in much the same manner as the construction of the

extended edges for the augmented subprojection, except that only the in-bound

directions are used for any grid point. Subroutine RECNST is used for the recon-

struction of the edges.

"The last section of subroutine PACPRO accumulates the total variance at each

grid point, writes the total variance field to the output file and calls subroutine

PRNT, which produces a printer plot of the significant wave height for each sub-
projection.

"The SAVES module is the last phase of the model. Subroutine SAVES constructs

the two-dimensional wave spectrum at each sea point and writes the spectrum, all

wind data at that point, and identification to the output file. Subroutine PRNTS

prints the two-dimensional spectrum at selected grid points.

"A time step is completed after the propagation module is finished. It is only

necessary to invoke the SAVES module for those time steps that are to be saved.

"The program is set up in such a way that only minor modifications at compile

time are necessary to specify what ocean of the world is to be the subject of the

computation. The layout of the icosahedral-gnomonic projection is such that the
North Pacific and the North Atlantic can be worked as separate computations~in
parallel, rather than being run sequentially.

"One of the major problems in the implementation of the wave model is that the

Grow-Dissipate phase requires the complete point spectrum at each grid point while
the Propagate phase requires individu&l frequency-direction fields. The result is

that between these phases of the program it is necessary to transpose arrays of the

form A (325, 12, 15) to the form B (15, 12, 325). This procedure places a very

heavy input-output load on the program, because any storage layout and file structure

that would be optimal for one phase is the least optimal for the other phase.

Currently, the data for each subprojection are organized as 15 records, each 325 x

12 in a random access file.
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"In addition, in order to minimize the storage requirements for the model both
the variance and the discontlnuity value for a given frequency-direction component

are stored in one computer word. This facilitates data handling and reduces the

mass storage necessary for the model by a factor of two. The method used is not

described in detail, because these routines are highly machine-dependent and should

be designed according to the architecture of the computer on which the model is

being implemented."

Flow charts and a program listing have been given in Reference 2 for a Univac

1108. For the North Atlantic, 94,000 words of main memory and 2,000,000 words of

mass storage are needed for the various files.

The SOWM computer program is used four times each day at FNOC. 6 7 At OOz (or

00 GMT), the initial value specification is updated for the past 6 hours. Wave

forecasts are generated out to 72 hours, with both oceans run concurrently. Each
ocean requires about 3600 seconds of Central Processor Unit (CPU) time. At 06z,
the initial value specification is updated. At 12z, the initial value specification

is updated and forecasts to 72 hours are made. At 18z, the initial values are

updated for the past 6 hours so as to be ready for the OOz forecast.*

DATA RECOVERY

THE DATA BASE

For this 20-year wave climatology, as generated by means of the SOWM, there are

about 46,000,000 spectra. Each spectrum requires 180 numbers to describe it, plus

about 10 items of additional information. The wave climatology in its raw form

thus involves about 8,280,000,000 numbers, which is a incomprehensible amount.

Whatever is done to analyze, summarize, and synthesize this mass of data must also

simplify it. The climatology is really this full set of data, and the challenge is

to produce a useful condensation of facts and data for practical applications.

*Meteorological and oceanographic analyses and forecasts are usually made for
the nearest hour and referred to time as measured at Greenwich, England on the
zeroth meridian. Thus, 06 GMT means 6 AM Greenwich Mean Time. Another convention
is to use the abbreviation z for GMT. Consequently 0600 z, 06 z, 06 GMT and 0600
GMT all mean the same. The date and time, 1 January 1979 00z, corresponds to mid-
night Dec. 31, 1978. A 24 hour clock is also used so that 18 z corresponds to 6 PM.
GMT and z are used interchangeably throughout. For time different from the nearest
hour the minutes are given, as in 0637 z. For some spacecraft applications, a
more detailed time is needed, as in 06 h 37 m 21.7 sec.
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To do this, it is necessary to be able to retrieve subsets of these 46,000,000

spectra inexpensively. This is a nontrivial search problem that, once the data

became available, proved to be difficult. It appeared to cost more to recover a

particular spectrum from the archives than it did to compute them originally at

FNOC.

A data retrieval program was developed by R.E. Salfi. It reduces the time and

cost for retrieving spectra by a factor of about 10 compared to what was originally

available. The retrieval program is described below, as quoted with minor changes

from Reference 67.

GENERAL DESCRIPTION

"The Spectral Ocean Wave Model Data Base Management System (SOWM-DBMS) consists
of two computer programs written in Fortran. The first program creates a set of

random access files and associated directories from the SOWH data as delivered to

David Taylor Naval Ship Research and Development Center (DTNSRDC) by FNOC; the

second program accesses those files and provides the user with wave spectra for the

specified time periods and locations in either the North Atlantic or North Pacific

oceans. The SOWM wave data, as supplied to the DTNSRDC by FNOC, is in a highly

compressed form and not readily useable in any practical sense, because the cost of

retriving the data in its original form far exceeds what would normally be expected

for everyday operational use of the data. The goal of this new system is to put

the SOWM wave spectral data into a form that is readily accessible to the user at

minimal cost, so that the staff of DTNSRDC can make routine use of the wave clima-
tology without incurring prohibitive costs.

"The indexing algorithm, which is the heart of the retrival system, uses sub-

projection, month, day, and hour as keys to compute the record number for both the

file that contains the spectral data and the associated directory file. The spectral

data are in File 20 of the program; the directory is File 21. These are parallel

indexed files that are used together to provide the shortest possible path length

to an individual spectrum. When the data are retrived by the retrival program, the

numbers in the spectrum are converted to the appropriate floating point format, and

the associated identification, wind speed, direction, meteorological wind direction,

the real earth directions of the spectral direction bands, and the one-dimensional

density, are computed and provided to the user in either printed or Fortran file

form, either formated or unformated.
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DESIGN CONSIDERATIONS

"Several factors had to be considered in the design of the SOWM-DBMS. First,

the system needed to be small, fast, and economical to operate, Second, due to the

large volume of data, the system should use its storage medium efficiently. Third,

, I because data are constantly being added to the data-base, the system needed to be

open-ended.

"In order to accommodate the open-ended nature of the data-base, it was

decided that a basic unit of one calendar year would be used. In this manner, new

years can be continually added on as they become available. This decision also

resulted in defining the file structure of the system, because all years are

structurally the same. All years are of 366 days and date keys are of the form

month, day, hour.

"Typically, the user desires that the data be retrieved for some time period

at some set of locations. The data for each subprojection is stored as one record

in a random access file whose indexing key is of the form month, day, hour, sub-

projection.

DATA DESCRIPTION AND FILE FORMAT

"The indexing is done on the keys of month, day, hour, and subprojection. One

year for the larger ocean, that is the North Pacific, consists of seven subpro-

jections of the icosahedral-gnomonic map; that is, 10,248 records of information.

The data are stored in such a way that only the spectra at the active grid points

in each subprojection are retained. This goes a long way toward minimizing the

amount of space required. Furthermore, each individual spectrum is stored in a

compressed form consisting of two words of identification plus 36 words of spectral
Svalues. Each of the 36 words consists of five 12-bit integers, which represent the

values of the wave spectrum, scaled by 100 and converted to integer.

"The basic data unit of the system is a 38 x 325 word array. However, because

no subprojection has the full set of 325 active points, the data are stored such

that only the active points are put into the array, so that the actual record

written to the file will be something less than 38 x 325. In order to accomplish

this, the data are stored in the array, and a subindex, which associates grid point

number to location in the data array, is created.

"The subindex is an array 326 words long. The 326th word is the actual number

of spectra in the 38 x 325 array. The other 325 words of the subindex act as
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pointers to individual wave spectra. That is, if one desires grid point 100, one

looks at location 100 of the directory array for the pointer that indicates where

the spectrum for grid point 100 resides in the 38 x whatever array, that was created.

Such a lookup table allows the data to be compressed in a very efficient form. Each

record written to the random access file contains the data for one subprojection for

a given time point. The index keys to the random access file consist of subpro-

jection, month, day, and hour. Year is an implicit index in that each file contains

data for only one particular year or part of a year.

"The SOWM-DBMS takes into consideration and is set up in such a way as to keep

storage space to a minimum, while providing as rapid direct access to the desired

data as possible. To this end, the system is geared toward one year of basic data.

That is, each file of the system consists of no more than 366 days, accounting for

leap years."

PRODUCTS OF THE SPECTRAL OCEAN WAVE MODEL

INTRODUCTION

Various products of the SOWM have been made available to scientists by FNOC

for studies involved with preliminary analyses of this climatological data, ship

trials, wave measurement programs, the planning of experiments and comparisons with

buoy and spacecraft measurements. 4 5 ' 6 9 ' 7 0 ' 7 1 * Such products consist of signifi-

cant wave-height-contoured fields for a given synoptic map time along with the

associated wind and pressure fields, time histories of significant wave height at

selected grid points, the full frequency-direction spectra for selected grid points,

and the frequency spectra derived therefrom.

WAVE HEIGHT VARIABILITY

A time history of the 6-hour variability of the significant wave height at

some selected grid point reveals the variability of wave conditions with time. 6 9 ' 7 0

Figure 12 shows the significant wave height in meters and the wind speed in knots

for the month of March 1968 at 58.30 N 12.30 W in the North Atlantic. 6 9  It repre-

sents one of eight extreme wave conditions for the 10-year period from the summer

of 1959 to the summer of 1969. The significant wave height ranged from about 2

meters to 17.5 meters. The area under the spectrum would be about 76 times greater

*As examples.
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for the highest waves compared to the lowest waves during this period. From 17

March to 21 March, the wave height at this grid point went from 17.5 meters to 2

meters in 4 days according to the model. The wind speeds during the month varied

from 55 knots (28.3 meters per second) to 0.5 knot (26 centimeters per second) when

this occurred. From 11 March to 17 March, there appears to be a succession of

cyclones, each of which builds up the waves to a higher point than its predecessor.

Similar graphs for parts of November and December 1966 are shown for a grid

p.int near Weather Ship I (Station India) in Figure 13. Measurements of wave height

and wind speed at this weather ship are shown by the X's to be compared with the

SOWM specifications. The winds reached nearly 60 knots (30 meters per second); and

there is one 22-knot (11.3 meters per second) difference between the weather ship

wind and the SOWM wind which is not reflected in a large SOWM wave height error.

The peak waves are a little more than 12.5 meters high and the SOWM heights appear

to verify fairly well.

SIGNIFICANT WAVE HEIGHT FIELDS AND VECTOR WIND FIELDS

A sequence of 11 significant wave height fields and 11 sea surface pressure

and wind fields are shown in pairs in Figure 14 through 35 as produced at FNOC 6 8

with dates and times during October 1977. Except for 25 October 1977, there are

two wave height and two wind field and sea surface pressure charts each day for

most of the North Pacific.

The first pair of charts, Figures 14 and 15 for OOz 25 October 1977, show

three extratropical cyclones for the wind and pressure fields. Each full barb is

10 knots (5.14 meters per second) and a flag is 50 knots (25.7 meters per second),

so that two of the cyclones have 50 knot winds with a southerly component. Waves

with significant heights of 28.9 feet, 25.4 feet, and 48.2 feet (8.8, 7.7 and 14.7

meters) are associated with the areas of high winds. The height contours are

drawn for every 3 feet on these charts. The cyclone near 480 N and 168" E is the

one of interest in the sequence to follow.

The following day at OOz (26 October 1977) (Figures 16 and 17), the low off

Canada has disappeared and the one in the Central Pacific has moved north of the

Aleutian Islands. Westerly winds of 70 knots (36 meters per second) are shown to

the south of the Aleutian Islands. The SOWM shows 48-foot (14.6 meters) waves in

an area where they had been 12 and 15 feet (3.7 and 4.6 meters) 24 hours before.
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Figure 13 - Comparison of Station India and
Grid Point 128 Winds and Waves for Storm

of 25 November to 14 December 1966
(From Reference 70)
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In 12 more hours, (Figure 18 and 19) the cyclone crosses the Aleutian Islands.

A wind of 85 knots (43.7 meters per second) is shown. The SOWH shows waves 60 feet

high (18.3 meters) for this cyclone. The highest waves have moved eastnortheastward

about 300 nautical miles (550 kilometers).

At OOz on 27 Octoher 1977, Figures 20 and 21, the high waves are still 60 feet

high (18.3 meters) and have moved farther eastward. Winds of 80 knots (41 meters

per second) are still shown in the cyclone.

Twelve hours later the cyclone has weakened (12z 27 October 77, Figures 22 and

23). Two areas of high waves (50 and 48 feet, about 15 meters) have formed, but

the highest waves have decreased 10 feet (3 meters) in height.

On 28 October 1977 at OOz (Figures 24 and 25), only a few winds are near 50

knots (25.7 meters per second). One area of high waves is off the coast of Canada.

Another has started to move southward.

The low center continues to weaken and eventually vanishes during the next five

pairs of charts with westerly winds in the Gulf of Alaska dying down to 30 knots

(15 meters per second), or so, by the end of the series. On 12z 28 October, 33-foot

(10 meters) swell has moved into an area with 15-knot (7.7 meters per second) winds

and 24-foot (7.3 meters) swell is only a few htn'ired nautical miles northeast of the

Hawaiian Islands. The 24-foot high swell passes to the east of the Hawaiian

Islands on OOz 29 October, reaching 100 N as 15-foot (4.5 meters) swell on 30

October with little or no trace of swell by 12z on 15 October.

Whether or not some of the details of the pattern shown for the swell are real

or an artifact of the angular resolution of the model could be determined by using

the new higher resolution model under development for this same intense storm and

by tracking some of the individual frequency-direction fields during this period.

These wave height fields are produced by a computer program that contours the
values of the significant wave height located at each of the grid points of the model

as given in Figure 4b. The actual SOWM heights appear to vary more erratically from

grid point to grid point.45 Also at times, the height contours do not appear to be

very realistic near land. The contoured product may have lost some of the informa-

tion in the original SOWM product on rapid gradients of wave height. It might make
a useful study to experiment with ways to improve the significant height fields by

varying the closeness of fit to grid point values and accounting for the presence

of land more realistically.
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SPE"CTRAL OCEAN WAVE MODEL SPECTRAL PRINTOUTS

Two examples of a SOWM spectral printout are shown in Table 5. The time, date,

latitude, and longitude of the grid point are shown first, followed on the next line

by the wind direction (from which in degrees clockwise from north), wind speed in

knots, the white c~p production index, and the friction velocity in knots (as

defined in the subsaction on B(flu*)).

The spectrum is a 15 by 12 array of numbers. The next row across the top is

the spectral central frequency from Table 2 in seconds-. The far right column
shows the directions from which the spectral components are coming. The zeros in

the 180-element array have been suppressed, but in the first spectrum tabulated,

there are 88 nonzero values to describe the frequency direction spectrum. The

entries in the table are the values of Equation (1).

The column to the left of the direction column, and just to the right of the

array, is the sum over frequency for a particular direction band. For this example,

the peak waves were coming from a band centered on 268.29 degrees. The sum of this
2 2column is 192.48 (feet ) (17.88 (meters) ), which represents the total area under

the spectrum. The significant wave height, which is the last quantity listed, is

55.49 feet (16.9 meters) for this first example.

The sums of the columns are also listed directly under the array. When properly

plotted, these represent the frequency spectrum that might be obtained from a wave

record of the rise and fall of the sea surface at a point. The sum of the values
2in this row is also, of course, 192.48 feet2

The frequency spectrum is shown in Figure 36. For one scale, the area under a

unit frequency interval (Af - 1/180) is shown in units of feet 2 . When these values

are multiplied by 180, they then have the proper dimensions of a spectrum; i.e.,

feet -seconds. The first seven values from low to high frequency are plotted as

tabulated. The next three are halved and plotted over twice the Af range. The
next two would be divided by three and plotted over three times the Af range, except
that the high frequency tail cf the spectrum is not shown.

The spectrum is shown in the form of a histogram. It contains exactly the

correct area for each frequency band. If the dots at the center of each band are

connected by straight lines, the resulting curve is misleading because (1) the area

under the curve is no longer correct, (2) some of the variance has been shifted

incorrectly into other frequency bands, and (3) the false impression is created that

the spectrum has a peak at 0.05 Hertz.
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The detailed variation of the spectra over each frequency band is not known.

As an extreme example, the band from 6.5/180 seconds to 7.5/180 seconds 1 shown
2

to be 1.13 x 180 feet -seconds high might actually be zero from 6.5/180 to 7.45/.30

and have the spectral value of 1.13 x 180 x 20 over the frequency range from

7.45/180 to 7.5/180.

The peak of a spectrum with four times the spectral resolution could actually

be in the range from 7.5/180 to 8.5/180, although it is more likely to be in the

next highest band and to correspond to a wave period between 21.17 and 18.95 seconds.

The angular variability of the first spectrum in Table 5 can be studied in

terms of plots such as the one in Figure 37, which is again area preserving. Only

the lowest 9 of the 15 frequency bands are plotted as a function of 8 for each

frequency band. The highest two frequencies have been appropriately halved. The

vertical scales are in feet2 and should in principal be multiplied by 180 and
divided by 7/6 to obtain the spectral values with units of feet -seconds.-radians

As a second example a spectrum for 09z 8 December 1966 at 58.590 N and 18.180 W
70

is shown in Table 6. The significant wave height is 42.9 feet. The 180 spectral

values have been partially converted to spectral values by multiplying the numbers

corresponding to the previous table by 180 or by 180/2, 180/3, 180/6, and so on as

required. The variance summed over frequencies is in feet 4 for each direction and
2

the total variance for the entire spectrum is 115 feet

The frequency spectra are given in three different forms. Had the entries in

the 15 x 12 array been divided by r/6 the sums of each column would be multipled by

n/6 to get the frequency spectrum in the first row. The first is S(f) in units of

feet 2 -seconds. The second is S(o) in units of feet 2 -seconds-radians-I. The second

row is simply the first row divided by 2w to convert frequency to circular frequency

and Af - 180-1 becomes Aw - 2n (180- ) so the integral is invariant. In the last

row the length unit has been converted to meters from feet by dividing by the square

of 3.281.

For many applications, the frequency-direction spectrum is multiplied by some

kind of transfer function that is a function of frequency and direction. Division

of the original SOWM spectral listing by Af and Ae to get it into proper units,

then multiplying by Af and AO after the transfer function is applied, and then

summing to integrate seems to require a number ot useless calculations. The spectral

output of the SOWM can usually be used directly without going through this process.
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THE VERIFICATION OF SPECTRAL OCEAN WAVE MODEL WAVE HEIGHTS AND WINDS

THE WINDS OF THE SPECTRAL OCEAN WAVE MODEL

In order to produce this SOIW wave climatology, it was necessary to reanalyze

the meteorological data base of ship and land reports of surface pressure and wind

speed and direction for the years involved.7,72 The SOWM can only be as good as the

wind fields that drive it. Wind speed errors as illustrated in Table 3 can cause

large errors in wave height forecasts and even larger errors in wave spectra. The

true situation is much more complicate' 4 for the SOWM (or for that matter for any

wave forecasting model), than is indicated in the discussion of Table 3.

Ships report winds for too short a time average, and there are additional

complications even in the "simple" problem of correctly measuring the wind near the

surface of the ocean. The wind measurements that were used to produce the SOWM

climatology are "state of the art," but improvements in the future are to be

expected.

A comparison of the wind speeds measured at ocean station PAPA, a Canadian

weather station in the North Pacific, and the winds that went into the operational

SOWM model prior to 1978 in order to generate the wave spectra, has been made. A

sample for this ship shows that the actual winds were, on the average, three meters

per second higher than the analysis yielded at thaý point; that th% mean square

difference between the measured winds at PAPA and the winds of the model was seven

meters per second; and that, if the bias was removed, there would still be a

standard deviation of six meters per second. 7

These large discrepancies have been removed by reprocessing most of the

climatological wind fields so that they agree more closely with observed winds.
With the waves growing as the square of the wind speed, Ui a sense, one would

imagine that the wave forecast would be quite poor. However, on comparing the wave
heights produced by the modiodl at a grid point near the ocean station vessel, it was
found that, for this particular saple, the waves were biased 0.1 meters too high-

that the root mean square difference was 2.3 meters; and that the standard

deviation (obviously) was also essentially 2.3 meters. Further analysis suggested

that an interpolation to the location of PAPA would be desirable in comparing wave

height statistics for this study. Th. interpolated SOWM waves were biased 0.3

meter too high, the root mean square difference was 1.5 metcirs, and the standard

deviation was essentially 1.5 meters.
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Theae results clearly indicate that the winds are an important part of the

,OWM. Unless they are correct, the spectra will not be very good. FNOC's efforts

to upgrade the quality of the wind fields used in the 20-year wave climatolo&y to

generate the SOWM spectral wave hindcasts are an important part of the production

of this climatology. The starting point is a file of sea surface pressure fields

for the year under consideration. These sea surface pressure fields were reanalyzed

by means of more modern boundary layer theories and the ship report and land report

data on winds from the United States National Climatic Center. A substantial

improvement and an increase in the pressure gradients for the wind fields analyzed71
for a particular day in the series was illustrated,. 1

A scatter diagram of the verification of the wind speeds that were used to

drive the SOWM model for this climatology, as compared to measured wind speeds for

328 points for a number of different observing platforms for the North Atlantic and

the North Pacific oceans, has been published. 72  This scatter diagram illustrates

the fact that the actual winds were about 2.4 knots higher than the winds used by

the SOWM, that the root mean square difference between the SOWM wind and the actual

winds was 8.5 knots, and that the standard deviation with the bias removed (which is

not done) was 8.2 knots.*

The reduced root mean square error, compared to the winds used on a day-to-day

basis at FNOG for operational forecasts above, is an important improvement. Never-

theless, the actual wind was at times stronger by a factor of three than the wind

used in the SOWM model; and, at other times, the actual wind was four or five times

weaker than the wind used in the SOWNM model.

Both of the studies are involved with the specification of the winds over the

ocean on the basis of observations; and, in a sense, the data used for verification

were not applied to the specification of the winds. Most analysis techniques for

the description of the wind fields over the ocean do s considerable amount of

smoothing. The density of the reports over the oceans from ships and from data

buoys leaves much to be desired in the specification of the winds over vast areas

of the ocean.

*1.2 meters/second, 4.4 meters/second and 4.2 meters/second respectively
compared to the 3 meters/second, 7 meters/second and 6 meters/second values before
correction.
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4 COMPARISON WITH DATA BUOY WAVE HEIGHT MEASUREMENTS

The large scatter in the specification of the winds 4.s not reflected in a

comparably large scatter in rhe specLt.•cation of ocean weve heights, coatrary' to

Swhat might be concluded from Table 3. Three hundred and twenty-five observations

of wave height by various instruments were compared with the wave heights specified

by the SOWN. 72 The SOWM waves tended to be 0.8-foct (0.2 meterm) lower than the

waves that were measured (estimated) at the various locations. The root mean square

difference between Lhe SOWI4 wave heighrs and the meaGured wave heights was 3.9 feet

(1.2 meters); and the standard deviation with the bias removed was 3.8 feet (1.2

meters) .*

VERIFICATION OF SIGNIFICANT WAVE HEIGHTS BY MEANS OF WAVE

HEIGHTS MEASURED WITH A RADAR ALTIMETER ON GEOS-3

A short 15 (GEOS--3) or 3 (SEASAT) nanosecond radar pulse transmitted from a

spacecraft has a return pulse form that can be used to determine the location of

the sea surface relative to the center of the earth for geodetic and oceanographic

applications.73.74 The shape of the return pulse contains information from which

the significant wave height can be found. It is possible co produce continuous

graphs of the significant wave height along the subsate1lite track of the orbiting

spacecraft.

Those who have been active in describing, measuring, hindcasting (or specifyinS),

and forecasting ocean waves well understand the impact that the capability demon-

strated by GEOS-3 and SEASAT to measure waves will have and the tremendous scientific

advances that will be possible, once these dati are used routinely in an operational

way. Simply to obtain a set of data comparable to one single orbit pass that

requires only 10 or 15 minutes to travel from the Equator to landfall by any other

means would be prohibitively difficult. Without remote sensing techniques from a

spacecraft, the only other way to obtain such a data set would have been to position

ships at every degree of latitude with oce&n wave recorders on them along a line

such as in Figure 38, extending from the Equator to a continent in either the

Atlantic or the Pacific, and have them all make wave recordings of approximately

20-minuteo duration simultaneously on a particular day at an agreed upon time.

The cost would be prohibitive. If it were doni, however, by the time the ships got

*This result was obtaine-1 after correcting the wind fields and compaves to
0.3 meters, '.5 meters and 1.5 meters before cor r'ection.
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on station, it probably would be worthwhile to have them stay on stat-.on for several

- ~ weeks so as to obtain additional data. The advantage would be, of course, that

wave spectra could be obtained from the records, whereas current remote sensing

techniques provide only an estimate of the wave height.

Even if an experiment of the type hypothesized above could be carried out, it

would still not be possible to repeat it enough times to obtain the global coverage

that was obtained from the spacecraft , SEASAT, during its brief lifetime. The

capability to study storms and storm waves in any ocean at any time with a 12-hour

separation betueen observations became a reality with this spacecraft,

The 30 July 1979 issue of the Journal of Geophysical Research (Volume 84

Number B8) describes the scientific results of GEOS-3.41 Many of these results

have to do with geodesy and aspects cf plate tectonics and oceanography. However,

a considerable section Is devoted to the study of the wave heights measured by that

spacecraft. Several papers are concerned with the study of the altimeter data as a

means of measuring wave heights. 4 4 ' 4 5 ' 7 5 ' 7 6 ' 7 7 The theory of the measurements is

discussed and six different algorithms are compared for the estimation of the wave

height from the altimeter data.75 These algorithms differ in various details that

are explained by the paper. The overall conclusion is that they appear to work

equally well. Intercomparisons show differences of the order of 0.5 meter for the

various wave height calculations. All six algorithms were compared with measure-

ments by the National Oceanographic and Atmospheric Administration data buoys and

the standard deviations ranged from 0.39 meters to 1.67 meters for the different

models. The scatter in the plots that compare waves measured with a buoy and

measured by the altimeter are as much due to sampling variability effects in the

measurement of the waves by the data buoy as they are to the scatter caused by

altimetry effects. Each of the wave heights gotten from the data buoys should have

a confidence interval on them as discussed elsewhere. One should multiply each of

the buoy wave heights by 1.15 and 0.85 approximately to get some idea of the range

in which the "true" wave height would fall when estimated from a wave record.
The significant wave heights from various surface truth sources were compared

with the GEOS-3 wave heights independently of the other papers in the volume. 44

The mean difference for National Data buoys was 0.24 moters with a standard deviation

of 0.53 meters. For nanosecond radar measurements from an aircraft, the difference

was 0.16 meters with an 0.59 meter standard deviation. For an altimeter developed

by the AAFE program, the mean difference was 0,62 meters and the standard deviation
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was 0.71, and combined and weighted according to the number of points, the overall

mean difference was 0.34 meters with a standard deviation of 0.61 meters. The

scatter diagram (Figure 5 of the cited paper) shows quite good agreement for waves

up to 8 meters high.

Quasi-synoptic wave height fields were prepared for the North Atlantic ocean

using the GEOS-3 data.44 At the same time, the initial value specifications for the

wave heights, as given by the Spacecraft Meteorology Group, the FNOC SOWE model,

and the National Meteorological Center were obtained.

For somewhere between 21 and 25 such fields, it was possible to compare various

features of the GEOS-3 wave height fields for the North Atlantic ocean and the wave

specification fields. The difference between the highest waves measured by GEOS-3,

and the highest waves produced by these three different models was first studied.

It was found that the GEOS-3 measurements were on the average higher than the waves

in the models. For the FNOC SOW model, GEOS-3 measured waves that were, on the

average, 1.68 meters higher; and the standard deviation about this high measure-

ment was 2.04 meters. For the Spacecraft Meteorological Group product, the GEOS-3

measurements were 4 meters higher with a standard deviation about this value of

1.65 meters. For the National Meteorological Center, the GEOS-3 waves were 3.58

meters higher on the average with a variability of 2 meters above this average.

The bias for the SOWM was' one third to one half of the bias for the other two

methods, and the variability about this bias was comparable. Thus, the overall

errors in the SOWM, when comparing SOWM model wave heights with GEOS-3 measured

wave heights were much less.

It was found that the location of the high waves, as measured by GEOS-3,

differed from the location of the high waves in these various models, that these

high wave centers generally were displaced farther north, and that their location

has corsiderable variability, being ± 4 to 7 degrees of latitude. Similarly the

locations of the high wave centers were displaced to the east, by several degrees

of longitude, and the variability about the correct location was of the order of

10 degrees of longitude. These differences were explained in terms of the errors

in the wind field for the initial value specification. Most initial value specifi-

cations for numerical weather prediction and for the description of wind fields

begin with the preceeding 12 to 24 hour computer-based numerical forecasts of the

wind field; and, if such numerical weather forecasts tend to locate low centers in
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incorrect places and to produce low centers that are too weak, the overall effect

would be such as that observed.

Nevertheless, the SOWM, according to these results, is clearly superior to the

other two methods that were compared. The wave heights are much more accurate on

an oceanwide scale, and the displacements of the centers of high waves are in each

case less than the other two models and have smaller variability. The FNOC speci-

fication of the wind fields over the North Atlantic therefore must be more accurate

than the specification of the wind fields used by the other two m,,Zhods.

The waves, as measured by 44 GEOS-3 orbit segments obtained during 1975 and

1976 for both the North Atlantic and the North Pacific, were compared with the

operational output of the SOWM, as interpolated from 6 hourly spectral data to the

time of the spacecraft pass. 4 5 ' 7 8 Every tenth point of the GEOS-3 output was

compared wi.h the wave heights determined by the SCWM along the subsatellite track,.

Some of the subsatellite tracks extended all the way from the Equator to landfall

at such places as the Kamchatka Peninsula for the North Pacific. Other orbit

segments were rather short. The 44 orbit segmerts in this study were selected

solely on the basis of the fact that they were made available to the investigators

by the GEOS-3 program office. The GEOS-3 significant wave heights were compared to

the FNOC archived waves.

An example of a subsatellite track and of the SOWM and GEOS heights along it

is shown in Figures 38, 39, and 40. An as yet unsolved problem is that of the

sampling variability of altimeter wave heights measurements. A tentative band of

±15 percent or ±0.5 meters, whichever is larger, is suggested. The SOWM heights

given at the X's have a fine structure, or graininess, that is not apparent in' the

smoothed wave height fields produced by a contour plotter at FNOC as one of the

SOWM products. A question arises as to whether or not a higher resolution, less

smoothed height field analysis might be more realistic and whether or not such a

field would agree better with altimeter data.

As summarized in Table 7, the highest waves measured by GROS-3 were 9.0 meters

for the 44 orbit segments; the highest waves predicted by the SOWM (for that same

orbit segment incidentally) were 11.5 meters. On a point-by-point basis in these

comparisons, there were at times very large errors with the SOWN, for example, being

4.7 meters too low for one case and 4.2 meters too high for another. The root mean

square error along a given orbit, varied a11 the way from 0.4 meters to 3.2 meters

depending on the orbit. The average of the root mean square errors was for all of
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TABLE 7 - A SUMMARY OF 44 GEOS-3 ORBIT SEGMENTS COMPARING SPECTFAL OCEAN WAVE MODEL
SIGNIFICANT WAVE HEIGHT WITH ALTIMETER MEASURE2ENTS FOR 1975 AND 1976

Date Number Wind
Orbit of RMS Bias Error GEOS Range SOWH Range

Points GEOS SOWM

1929 24 Aug. 24 0.8 -0.6 -1.8 0.0-2.8 0.1-1.1

1991 28 Aug. 36 1.0 -0.2 -2.3 0.0-4.0 0.8-3.7
2100 5 Sep. 7 0.5 -0.3 -1.2 0.0-1.8 0.2-0.9

2114 6 Sep. 20 1.3 -1.0 -3.2 0.0-3.8 0.2-1.0 8-11 0-5

2254 16 Sep. 30 1.1 -0.8 -2.6 0.0-4.2 0.1-2.4 12-13 8-10

2318 20 Sep. 10 0.6 0.0 -1.3 0.2-3.0 0.5-1.2

2658 14 Oct. 9 0.8 -0.5 -1.7 1.0-4.2 1.0-2.5

6 3.1 -2.8 -4.7 3.0-7.6 1.0-2.9 18 12

2782 23 Oct. 11 0.7 -0.1 -1.2 0.2-3.2 1.2-3.5 12 10

2812 25 Oct. 28 1.0 -0.8 -2.0 2.6-6.2 2.0-5.0 16 13.5

2827 26 Oct. 26 1.1 -1.0 -2.4 1.8-5.4 1.0-6.9 14 12

2829 26 Oct. 19 0.9 -0.5 -2.1 0.6-5.0 0.6-4,6 15 12

2904 1 Nov. 24 1.2 -0.8 -2.0 0.6-6.0 0.8-4.1 16 13

2919 2 Nov. 12 0.8 -0.5 -1.7 0.2-3.0 0.3-3.2

2936 3 Nov. 21 0.7 -0.3 -2.3 0.2-6.4 0.3-3.9

2998 7 Nov. 17 0.9 +0.2 +1.9 2.8-5.4 2.7-5.6 13 15.5

3030 10 Nov. 28 2.0 -1.5 -4.2 0.0-7.0 0.3-3.4 17 10

3075 13 Nov. 21 0.6 -0.4 -1.3 0.0-2.8 0.5-1.6

3152 18 Nov. 26 1.0 -0.6 -1.9 0.0-4.4 0.2-3.6 11.5 9

3167 19 Nov. 29 1.1 +0.5 +2.6 0.2-4.0 1.3-5.3 14 15.5

3214 23 Nov. 6 1.2 -1.1 -2.0 0.8-3.2 0.8-1.3 12 7.5

3229 24 Nov. 21 0.8 -0.5 -1.6 3.4-7.8 3.9-6.6 17 16

3231 24 Nov. 23 1.1 -0.7 -1.9 0.2-4.8 0.9-4.3 12-13 8

3291 28 Nov. 38 1.4 -1.0 -2.3 0.0-8.8 0.3-7.4 20 19

3430 8 Dec. 17 1.4 +0.3 +2.6 0.6-4.8 0.9-6.0

3524 15 Dec. 12 0.6 -0.2 -1.0 0.0-3.8 0.2-2.7

3539 16 Dec. 19 0.9 -0.2 -1.5 0.0-2.4 0.2-1.8

3554 17 Dec. 18 0.6 +0.1 +1.3 0.2-2.6 1.3-2.4

Heights are in meters and winds in meters per second. The 'error' is the
largest of the indicated number of points.
(From Reference 45).
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TABLE 7 (Continued)

Number Wind '

Orbit Date of RMS Bias Error %GEOS Range SOWH Range
(1975) Points GEOS SOWM

3586 19 Dec. 12 2.5 -2.0 -4.0 2.4-7.6 1.3-5.3

3645 23 Dec. 42 1.3 -0.8 -3.8 0.0-8.0 0.0-8.7 19.5 15

Total 529

Date Number 
Wind

e1976) of RMS Bias Error GEOS Range SOWN Range
Points GEOS SOWN

4576 27 Feb. 12 1.1 -0.4 -2.0 0.0-6.2 0.5-5.1

4593 28 Feb. 12 0.9 -0.7 -2.2 0.2-4.4 0.5-2.5

4608 29 Feb. 19 1.0 -0.2 -2.4 0.6-7.0 1.2-5.9

4623 1 Mar. 7 0.5 +0.1 -0.8 0.2-5.4 0.2-4.9

4978 26 Mar. 11 1.2 +0.5 +0.3 0.0-5.8 1.6-7.1

5025 30 Mar. 46 0.9 -0.2 -- 1.4-7.4 1.3-9.5

2.5 +2.4 +3.0 17 21

5149 7 Apr. 10 3.2 +2.6 +4.2 3.6-9.0 5.0-11.5 18 22

5164 9 Apr. 9 1.8 +1.6 +2.7 1.2-8.4 2.4-9.6

5258 15 Apr. 19 1.0 +0.2 +2.2 0.0-3.2 0.3-2.6

6295 27 June 14 0.9 -0.7 -1.6 1.2-4.6 0.9-4.1

6479 10 July 37 0.7 -0.4 +1.6 0.0-3.8 0.2-5.3

6481 11 July 19 0.7 -0.3 -1.8 0.0-2.8 0.3-2.7

6635 21 July 45 1.0 -0.6 -2.5 0.0-4.2 0.3-2.7 13.5 11

6883 8 Aug. 12 0.8 -0.6 -1.4 0.0-2.2 0.2-1.3

7858 16 Oct. 14 0.4 +0.2 40.8 3.0-2.0 0.3-1.0

Total 296

Heights are in meters and winds in meters per second. The 'error' is the
largest of the inaicated number of points.
(From Reference 45).
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the data 1.1 meters for 1975 and 1.2 meters for 1976 for cases in which the poor

specifications were included. With these removed, the root mean square errors were

0.9 meters for both years. There was also a tendency for the SOWM to be biased

somewhat too low. Typically, this bias would be from -0.5 to -1 meter. Were this
bias removed so that the standard deviation about each orbit segment was computed,
the standard deviations would have been considerably under 1 meter.

For a number of orbit segments the SOWM could be considered to be a bust, and
for others the bias was consistently too high or too low. This was interpreted to

be the result of poor wind fields. The last two columns indicate what wind speed
would correspond to the fully developed SOWM heights and what wind speed would be

required to produce the GEOS-3 measurements.

The analysis techniques of Reference 78 were used to study addititaal GEOS-371
passes. The procedures of Reference 78 were considerably simplified because the

wave height contour fields generated by FNOC were obtained; and these wave height

contour fields were compared with the wave heights estimated by GEOS-3. This

eliminated a difficult and expensive numerical computation which recovered the wave

spectra along the subsatellite track from the spectral output of the SOWM and

located those wave heights within an assigned distance of the track, for comparison

with the GEOS-3 heights. The results were comparable to the previous results in

that similar bias and root mean square errors were obtained. Table 8 summarizes

these results. A number of other results were obtained, some of which are given
below. Figure 48 shows histograms of the root mean square errors for both of these
studies including five "outriders" in Reference 78.

Figure 41 shows a scatter diagram of the highest wave in a given orbit segment
as measured by GEOS-3 as compared with the highest wave predicted by the SOWH for
that same orbit segment. In general, the highest measured waves were higher than

those predicted. According to Reference 71:

"A regression equation and correlation coefficient

were calculated for this diagram. They were

GEOS-3 - 0.9852 SOWM + 0.8743 (i) (52)max a

Correlation coefficient + 0.935
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Some solutions are:

SOWM 1.0 5.0 7.0 10.00 a

GEOS-3max 1.86 5.80 7.77 10.73 m

The (percentage) accuracy of the SOWM appears to increase with increasing height."

A portion of the summary of this research is quoted below. 7 1

"The absolute magnitude of the largest error was found to average

at 2.32 meters and have a standard deviation of 0.63 meters. The 95

percent confidence interval for the mean value was 2.13 meters to 2.51

meters. The percentage value of the error decreased with increasing

wave height. A significant amount of the largest errors was caused

by short spatial variations In GEOS-3 wave heights (47 percent).

Comparing SOWM to smooth GEOS-3 values showed a twenty-one percent

(21 percent) decrease in the average absolute magnitude of the

largest errors.

"A maximum shown by SOWM was found within four degrees of latitude

of a GEOS-3 maximum about 72 percent of the time. The position of a

SOWM minimum was within 4 degrees of latitude cf a GEOS-3 minimum ';2

percent of the time.

"The correlation coefficient between the highest SOWM value and

highest GEOS-3 value in each segment was +0.935.

"A climatological study of the model showed tbat in the Pacific

the Tropics were overpredicted,* mid-latitudes were underpredicted,

and wide variations occurred in the higher latitudes.

"In the Atlantic, the values in the Tropics were influenced by
the Caribbean region but tended to be overpredicted south of 17.5"1.** "

The SOWN underspecified from 17.5*N to about 30.0ON, and then alter-

nated high and low to about 45.5*N. The higher latitudes showed wide

variations just as the Pacific values.

"The types of errors outlined above can be largely attributed

to errors in the wind field specificatiou, especially in the hI,%her

*In the Pacific by +0.4 meters. The root mean squarm errors were over I meter.
**By +0.2 meters.
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latitudes. Given more accurate wind reports in the higher latitudes,

the observed latitudinal variatioa in root mean square errors and

biases can be expected tc be reduced significantly. Scarcity of sur-

face observations in this region will cause wide variations in errors

between points in the oceans."

VERIFICATION OF SIGNIFICANT WAVE HEIGHTS BY MEANS OF WAVE

HEIGHTS MEASURED WITH A RADAR ALTIMETER ON SEASAT

SEASAT altimeter wave height measurements have been compared with the SOWM pro-

duct as generated by FNOC during 1978.9 A total of 18 orbit segments of SEASAT

altimeter data for the Atlantic and Pacific oceans at various times were examined.

Of these, two were for a pass over a tropical cyclone near the Phillipine Islards.

Special techniques from Reference 9 were used to try to predict the waves for the

tropical cyclone. The SOWM wave climatology does not have this capability, and

there are no waves due to tropical cyclones in it. These two orbit segments are

not included in the statistics tc follow for this reason. However, the data that

were obtained are presented in order to show an area in which the SOW4 could be

improved.

Of the remaining 16 orbit segments, four were for strong offshore flow off

Labrador. The waves that were involved in the verification therefore occurred in

Davis Strait, Baffin Bay, and the Labrador Sea. The comparisons were made between

the significant wave height contour fields produced as FNOC and the .EASAT altimeter

data. There is a question in the mind of the writer as to the adequacy of this

contouring procedure for this particular set of four orbit segments. Therefore,

they -have been left out of this arl]yeis.

There remain 12 orbit segments. Five of these were for strong north-south

flow over the Atlantic Ocean; four were for weathet sitiuations over the Gulf ofI Alaska; and three were for a trade wind surge. The segments were picked in order

to test the ability of the SOWM to specify waves correctly under these conditions.

There were very high waves in the North Atlantic for the case study involring

strong north-south flow. As examples, the sca surface isobaric patterns for

6 October 1978 at OOz and 12z are shown in Figures 42a and 42b. The strong north-

south flow occ' urs to the south of Greenland and to the west of Nova Scotla, at about

the center of the North Atlantic ocean on an Past-4est basis.

The wave height fields produced by the SOWM are showki for the same times in

Figure 43. For OOz the subsatellite track for SEASAT passes nearly over the high
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Figure 42a - OOOZ 6 October 1978

Figure 42b - 1200Z 6 October 1978

Figure 42 - Sea Level Pressure Analyses with Ground Track of SEASAT
Revolution 1446 Superimposed

(From Reference 9)
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Figure 43a -OOOOZ 6 October 1978

Figure 43b -1200Z 6~ October 1978

Figure 43 -Spectral Ocean Wave Model Analyses with Ground Track
of SEASAT Revolution 1446 Superimposed (From Reference 9)
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center for waves at that time, which was a small closed contour for 30-foot waves

centered in the area of the strong north-south flow. Twelve hours later this con-

tour for 30-foot waves (9.1 meters) has increased in area and shifted southward.

The spacecraft orbit occurred at about 0330z, and the SOWM fields for these two

conditions twelve hours apart were interpolated to 0330z. Values from the SOWH

field were read off at every latitude intersection with the subsatellite track and

compared to the SEASAT significant wave heights. The result is shown in Figure 44

where the SEASAT wave heights are shown by the dots and the SOWM heights are shown

by the Xs. The largest difference is -1.8 meters, where the SOWN predicted a value

that is much too low compared to *;lat was measured by the spacecraft. It is to be

noted that from 39 degrees to 40 degrees north, a mere 60 nautical miles (111 kilo-

meters) (1lus whatever is needed to correct for the east-west component) the signi-

ficant wave heights measured by SEASAT increased from 4.2 meters to 7.7 meters.

More of the same is shown in Figures 45a and 45b. The sea surface isobaric

pattern is shown in thQ first part of this figure and the SOWM significant wave

height contours are bnown in the second. The spacecraft orbit occurred approximate-

ly 40 minutes after the synoptic rime and this difference in time was neglected.

The graphs for the SOWNM and the SEASAT measurements are shown in Figure 46. The

agreement is quite good from about 450 north to 500 north where a sharp decrease in

wave height from about 6 meters to about 3 meters is tracked quite well. The

largest descrepancy between SEASAT and SOWN, Js at 550 north, where the SOWN was

1.4 meters too low.

The last illustration for this study (Figure 47) is for orbit segment 1163

over the Equatorial Pacific for 16 September 1978, which occurred roughly at 08z.

The measurements were compared with the SOWM product for 06z. The largest descre-

pancy is 1.2 meters with the SOWN being too low at this point 120 north.

The 12 orbit segments described above are summarized in Table 9. The highest

significant wave height predicted by the SOWM alang the subsatellite track and the

highest significant wave height measured by the spacecraft are shown for each orbit
segment. The largest error for a point by point comparison is shown, both in Weters

and feet. The bias is simply the average value of the difference with regard to
sign between the SOW4 and SEASAT values for the number of points involved. A plus

sign in either of these two columns means that the SOWM was high compared to SEASAT

and conversely, The final column is perhaps the most useful. It represents the

sum of the squares of the differences between the SOWMN and the SEASAT values divided
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Figure 45a -Sea Level- Pressure Analysis

*Its

Figure 45b -Spectral Ocean Wave Model Analysis
(Height in feet)

Figure 45 -Sea Level Pressure and Spectral Ocean Wave Analyses
for l2Ooz 7 October 1978 with Ground Track of SEASAT
Revolution 1466 Superimposed (From Reference 9)

119



44,

ON

0)

4J4

14

mil

41,

-4

A4J

'ow

& . V.

120



14-4
'-4

00

44-4 O

0

U,

a)

ma u

0 4N

121



NI .- N N - N m N C -4N

'.0 Lfr LFo 'T0 C1 '0 it 0 ON- 0 1 Go 0' .0

0CD0 0 0 0 0 -0 0 0 0

* .. . * ~4-4 4 4-4

4J 0 0 en '0 cn. U. 0 ' No 0'0 '0(14'0:J r, ON : * *

HQG ,0 (f) ,'. M. V) e.i en en No-)

as ~ ON r, Nn -IN C 0 -t % -4

OD~O co~ -n W4 NI en. t- 0 - N -- 0'.
H~ ~~ a - - - N N

'0 cn ~ 0 - 4 ~ N ' '

>' cn. C" en. C') Lt'. m4 OD~'. f'
0 '4 C4 '0 04 '0 0ý '.0 -ý 0ý N-

N4 Ne NA N N - -

>' 0 00.o - '

0~~~~4- 4 ~ ~

N W

4t 'n en (n ' ". It 0 ' '0 N-COO'.N

!12



by the total number of points. All but one of the values are less than 1 meter.

One can note that SEASAT revolution 1446 with a bias of plus 0.7 meters has the

largest root mean square difference.

As with the preceeding studies, the wave heights along a particular orbit

segment are highly correlated. For this reason, the biases and the root mean square

differences were averaged without regard to the number of points involved in the

orbit segment. Thus, the 11 points for revolution 1437 with the 0.78 root mean

square difference has as much weight as the 27 points for revolution 1466.

There does not seem to be any substantial bias between the SEASAT and the SOWN

wave heights according to this limited data set. The overall root mean square

difference is a little more than 0.7 meters.

The cited study gave indications that the SEASAT altimeter wave heights may

have been biased slightly too high, by 0.5 meters. This particular matter is not

easily settled. A study by French scientists indicates there is no bias in the

SEASAT altimeter wave heights when compared with ship observations including ocean

weather ships with Tucker recorders in the North Atlantic.42 The particular

computational procedure (or algorithm) that is used to produce a significant wave

height from the altimeter wave form is under investigation, and two different

algorithms may have been used in these particular studies.

Histograms of the root mean square errors (or perhaps differences) for the

values given in Tables 7, 8, and 9 are shown in Figures 48 and 49. The range of

the values has decreased substantially from the first to the last of the three

studies. "Busts" are missing in the last study.

TYPHOON WAVES

Figure 50 illustrates the results of two passes over typhoon Lola, one for

27 September 1978 (revolution 1317) and the other for 29 September 1978 (revolution

1346). For the first of these two passes the typhoon was located to the east of the

Phillipine Islands. For the second, it had moved across the Phillipine Islands and

entered the South China Sea. For both orbit segments, the largest error was 1.8

meters with the SOWM product being too high in both cases. Not much can be said,

at the moment, about the differences for revolution 1317, but the behavior of the

SEASAT altimeter wave heights for revolution 1346 again shows this interesting

feature of a 2-meter increase in wave height over approximately one degree of

longitude that is not tracked by this tropical cyclone model.
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R..
ADDITIONAL INFORMATION FROM SEASAT

The altimeter significant wave height measurements from SEASAT have also been
42used to study the accuracy of the DSA model. In this study, two orbit segments

for 30 September 1978 are particularly revealing. The first (Figure 51) is for an

orbit segment which took place at 04z on that date. The wave height measurements

are compared with the sea surface synoptic pressure field for OOz. Th:is rather

short orbit segment, roughly from the southern tip of Greenland, to Labrador as

shown on the Figure, has a very interesting shape. From point A as shown on the

synoptic analysis, to point B, a distance of 130 nautical miles (241 kilometers),

the wave height decreases from about 8.8 meters to 3.5 meters. It stays at this

value for a distance of 108 nautical miles (200 kilometers) and then increases again

to about 8.5 meters. For 12 hours later, a second orbit segment is shown in Figure

52 again passing over Baffin Bay and Davis Strait. Over a distance of 32 nautical

miles (59 kilometers), the wave height increases on a north-bound pass from about

7.5 meters to 12 meters. Three other orbit segments illustrate similar sudden
42

changes.

Another interesting feature of these graphs is the jitter in the trace of the

significant wave height. There is some element of sampling variability in signi-

ficant wave height measurements by an altimeter on a spacecraft that varies depend-

ing upon the methods of data reduction and the length of time the altimeter wave

form is averaged as a function of distance along the subsatellite track. These
questions have not been resolved, but clearly there is some uncertainty, or some

effect of sampling variability, in these measurements, just as there is in records

that obtain the variation of sea surface elevation as a function of time at a fixed

point s

It is now possible to refer to the previous figures that illustrated altimeter

data for spacecraft passes over various wave fields that have been compared with

the SOWM product. If, indeed, the waves in nature can vary by these large amounts

over these relatively short distances, then the grid point spacing and the resolucicn

of the SOWM are inadequate to track them. One can note for example, for the pass

over typhoon Lola that roughly the same thing happened over just a few tens of

nautical miles as one approached the peak of 8 meters. Similarly, for revolution

1446, in Figure 44, a very sharp increase in wave height over one degree of latitude

was indicated between 39 degrees and 40 degrees north. The resolution of the SOWM

is not adequate to treat these variations, even with a greatly enhanced ability to
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treat the discontinuity function that was described previously. It is extremely

doubtful whether or not higher resolution in space and time and in the frequency

direction spectrum would yield results that would show these sharp variations in

wave height from point to point in midocean. They must be caused in part by details

of the wind field that cannot possibly be detected by means of the conventional

network of transient ships and data buoys for the Northern Hemisphere oceans.

This should not in any way detract from the value from the SOWM, both as a

forecast tool and for a wave climatology. It simply means that there are additional

elements of uncertainty in the behavior of the waves that are not resolvable at the

present state of the art.

SUMMARY OF THE RESULTS OF ALTIMETER MEASUREMENTS OF WAVE HEIGHTS

AS COMPARED TO THE SPECTRAL OCEAN WAVE MODEL PRODUCTS

Table 10 shows a summary of the results, discussed above. There have been a

total of 99 orbit segments of varying lengths, some extending from the Equator to

landfall in either ocean. There have been 2210 points, roughly spaced one degree

of latitude apart, used to compare the SOWM product with the spacecraft measurements.

The total represents approximately 132,000 nautical miles (244,000 kilometers) of

travel over the oceans for wave height measuring purposes. Much more data are

available from SEASAT that could profitably be used in a further study of the SOWM.

This table must be interpreted with care. The significant wave heights from

the SOWM were those obtained from the day-to-day operational output of the SOWM.

The winds that were used to drive the model need not necessarily have corresponded

to the winds from the climatology used to generate the waves of the climatology.

The data in the climatology for the Atlantic were all produced by means of the

climatological wind data. The data in the climatology for the Pacific through 1971

used the climatologically generated wind data. Thereafter, the spectra and winds

from the operational FNOC product were used. 68

A study of the FNOC operational product in terms of these spacecraft measure-

ments, which cover a period from 1975 through 1978, provides information on this

product as it evolved during the above four years. Further studies w-ould be needed

to compare the climatological product, where possible, with altimeter wave height

measurements.

Operational systems are not static. During the one and a half to two year

period from 1977 to 1978, the winds were modeled at FNOC by increasingly more
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reali .tic techniques.68 The 1975-1976 GEOS-3 data were obtained prior to these
78 71changes. The 1977-1978 GEOS-3 data were obtained during these changes. The

SEASAT data were obtained after these changes. 9

For these-orbit segments, the root mean square difference between the space-

craft measurement and the SOWM product, varied from 0.73 to 1.15 meter, averaged

over the entire data set involved. These averages had standard deviations that in

turn varied from 0.17 to 0.6 meter. The bias was a few tenths of a meter too low

for the grand average, essentially zero, and the standard deviations of the bias

varied from 0.91 to 0.31 meter.

Each orbit segment had a maximum error, either positive or negative. The

average value of the largest error varied from 2.3 meters to 1.5 meters with

standard deviations of 0.63, 0.91, and 0.39 meters.

All of these data are pooled in the last row of the table. Each of the three

investigations is given equal weight instead of weighing them according to either

the number of orbit segments or the total number of points. The average of the

root mean square difference is 0.99 meter with a standard deviation of 0.35 meter.

The bias is -0.14 meter with a standard deviation of 0.6 meter, and the average

magnitude of the largest error is 2.0 meters with a standard deviation of 0.64 meter.

An average composed of sample values from different populations can be used to

detecL the differences between the populations. In Table 10, the errors of different

types show a strong tendency to be larger for the earlier comparisons and smaller

for the later comparisons. With standard deviations as well as averages considered,

there has been a definite improvement in the operational SOWM product error

statistics from 1975 to 1978.

The SEASAT results can be interpreted as the current operational quality of the

SOWM. For an arbitrary line drawn across a SOWM wave height field in the wave spe-

cification, or nowcast, mote, roughly simulating the subsatellite track of a space-

craft, the waves along that line will differ from the correct waves by practically

a zero amount with reference to the average along that segment. The root mean

square difference between the measured waves along that line and the SOWM will be

somewhere between 0.90 and 0.56 meters two-thirds of the time. Somewhere along that

track there will be one large error between 1.9 meters and 1.1 meters, two-thirds of

the time; and, roughly one-sixth of the time, the error will be larger than 1.9

meters.

132



The inherent inability of current meteorological wind field analysis systems

and of the SOWM, with reference to its resolution, to detect and specify large and

sudden variations in wave height over short distances as detected by the altimeters

should be made known to the users of the SOWM as an uncertainty in the waves that

are forecasted or specified. It will then be possible for these users to take these

effects into consideration for whatever use the product is to have.

In the next section on the verification of frequency spectra, similar results

will be documented for the time histories of wave heights at a point. These

results show that the variability fr m hour-to-hour of the waves is larger than that

which can be specified by the SOWM. These two features, one as a function of

distance along a line and the other as a function of time at a point, are comple-

mentary. They must be taken into consideration in the use of these data for

climatological purposes.

VERIFICATION OF THE FREQUENCY SPECTRA OF THE SPECTRAL OCEAN WAVE MODEL

INTRODUCTION

In the description of the development of the SOWM, an essential first require-

ment was stated to be the ability to estimate the spectrum of the waves. This

ability first became available when a t:lassical paper entitled "The Sampling Theory

of Power Spectrum Estimates" by J.W. Tukey was presented at a symposium at Woods

Hole. Prior to that time, although a great many things had been done concerning

time series, the overall procedure for interpreting time series was not clear.

There were some scientists who preferred to work with the covariance function and a

few who had some idea of the concept of a variance spectrum such as S.O. Rice. 79

There was no way available to take a time history of a randomly fluctuating quantity

and interpret a spectrum computed from that data.

The title of Tukey's paper is the essence of the problem of verifying wave

spectra. The subject of the title is sampling theory, which means that in the

author's mind this was the critical problem that needed to be solved. The problem
was solved in this paper; and subsequent works clarified the concept even further,

leading to the idea of cross spectra (cospectra and quadrature spectra) and bi-

spectra. However, until the sampling theory for these estimates becomes understood,

the computation of power spectra could not be undertaken with confidence as to how

the spectra should be interpreted.
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A SIMPLIFIED ANALOGY FOR THE PREDICTION OF RANDOM EVENTS

The frequency spectrum of ocean waves at a fixed point on the ocean for a given

time interval of measurement can never be predicted exactly. There will always be

some difference between what is predicted by a model such as the SOW and what is

computed (estimated) from an ocean wave record. In earlier sections of this paper,

every once in a while words like estimated spectrum, or estimates, have been used
in the description of wave spectra. To estimate something in a statistical sense

is a very precise procedure.80 The term arises in the many excellent text books on

the subject, such as Mood, Graybill, and Boes. 8 1

The concepts that are involved in the estimation of ocean wave spectra from

ocean wave time histories are highly abstract. In order to provide some intuitive

feeling for nonstatisticians of the concepts involved, the following is a very brief

exposition of a much simpler problem.

Consider the very simple problem of tossing a coin five times as a start. A

schematic representation for the probability of heads and tails for five successive

tosses is given by

)5 1
(H(½) + T(½)). T- (HHHHH + (HHHHT + HHHTH + ... )

+ (HHHTT + HHTHT +......) + (HHTTT + HTHTT + ... ) (53)

+ (HTTTT + .... ) + TTTTT)

If the binomial form rcepresenting this probability is expanded into all of its
terms, and if the commutation of the multiplication operation is prohibited, so

that HT does not mean the same as TH, the result will be 32 terms as above. The

(½)5 can be factored out front. Each term represents a unique sequence of events.
For example, there is one chance in 32 of having all five heads. There is exactly

one chance in 32 of getting three heads, a tail, and a head in that order, and so
Onl.

If someone were to aEk the reader to predict, before the coin was tossed five

times, which of these 32 possibilities would occur, he would have no choice but to

pick one of them and he would have one chance in 32 to be correct. These odds are

not particularly good.

A similarity would be the numbers game in New York City where the player picks

a three digit number between 000 and 999 and pays $1. If his number comes up, by
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whatever technique it is picked, the player gets back $500. The only sure thing in

that particular game is that if $10 million are spent on chances during a given time

interval, about one tenth of one percent of the players will get back $5 million,

plus or minus a few hundred thousand.

Now suppose that the order in which the heads and tails appear does not matter.

The terms in Equation (53) can be grouped, and the result is then

5 1 5 4 3 2 2 3 4 5
(H(k) + T(11)) = 32 (H + 5H T + 1OH T + 1OH T + 5HT + T5) (54)

Now, if one were asked to predict the number of heads and tails that would

come up, a much safer prediction would be three heads and two tails. This pre-

diction has 10 chances in 32 of being correct. Note that something must happen in

both of these examples and the sum of all of the probabilities is one.

Now consider the act of tossing 100 coins, as an extension of Equations (53)

and (54), as in

(H(½) + T(½))1 0 0 
- (HI 0 0 + 100H9 9 T + 4950H9 8 T2 +. ..... + TI 0 0 ).()I 0 0  (55)

If the left hand side of this equation were expanded in full, in the same way that
100Equation (53) was expanded, there would have to be 2 completely different terms,

each with a probability of (!I)100. The probability is less than one chance in more

than 1030 that a particular sequence of heads and tails will occur. The probability

of getting exactly 50 heads and 50 tails in any order is very smafi. It is given

by

100 (½) 100P(50 Heads) 50! 501 (56)

To claim that the SOWM is capable of predicting either the significant wave

height or the spectrum of the waves exactly is essentially as foolish as claiming

that one is able to predict the exact number of heads that will come up when 100

coins are tossed. Both are virtually impossible, except for the fact that one never

goes beyond ±0.05 meter for wave height in a model that is essentially continuous.

There are, however, events that can be predicted when a coin is tossed N times.

For example, from the theory of probability, the expected number of heads Is equal

to the number of tosses times the probability of a head, which is N/2 as shown by
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E (H) -NP- N/2 (57)

Also the variance of the expected number of heads is given by Equation (58) where,

for a coin P - ½. The square root of the variance is the standard deviation, which

yields Equation (59).

VAR (H) = NP(I-P) N/4 (58)

SD - N0/2 (59)

If one were to compute all of the terms in Equation (55) that would be analogous

to Equation (54), there would be 101 terms that add to one. The plot of these

values -is points on a line as the number of heads goes from 100 to 0, or from 0 to

100, would look very much like the famous and usually misunderstood bell-shaped

curve; that is, the normal probability density function.

For purposes of illustration, therzfore, it is possible to treat this example

as if it were a sample from a normal population and to be a little imprecise for the

exact values of the probabilities that are involved. For example, there is about a

95 percent chance (or a 0.95 probability) that a sample drawn from a normal popula-

tion with the above expected value and standard deviation will lie within the range

from the expected value minus twice the standard deviation to the expected value

plus twice the standard deviation. This is indicated by

P(N/2 - N < Number of heads 4 N/2 + N0) - 0.95 (60)

For N 100, this becomes Equation (61) or (32)

P(40 < Number -f Heads < 60) - 0.95 (61)

Number of Heads
P(0.4 < 00 < .. 6) -0.95 (62)

Now, a very nice prediction can be nride. If a coin is tossed 100 times, the

number of heads will be between 4C aud 60. Even more interestingly, the ratio of

the total. number of heada to the total number o-' tosses, will be between 0.4 and
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0.6. This prediction has a 95 percent chance of being correct. It would be a nice

bet to make if one could get even money each time it was made.

Very interesting things happen if 10,000 tosses of the coin are considered.

There are 95 chances in 100 that the total number of heads that come up will be

somewhere between 4900 and 5100. The ratio of the total number of heads to the

total number of tosses will be somewhere between 0.49 and 0.51 for this case. This

would be a nice bet to make at even money. If one wants to be somewhat more con-

servative, change the values to 0.48 and 0.52. The probability of this happening

would be very close to, but not exactly equal to, one.

With a few minor modifications of the concepts involved, one could consider

that the probability of obtaining a success was unknown. An example might be a very

large urn containing a mixture of black and white marbles, with an unknown percent-

age of white ones. Upon reaching in and drawing out a handful of marbles, the

problem then becomes that of determiining the ratio, or the percentage, of the white

marbles compared to both kinds in the urn. A statement similar to the last equation

can then be derived.

THE ESTIMATION OF FREQUENCY SPECTRA AND SIGNIFICANT WAVE HEIGHTS

In an oversimplified way, the above example illustrates the significance of

the paper by Tukey. Through this paper it was possible for the first time to obtain

an equation analogous to Equation (62). The difference is that the equation has the

form given by Equation (63), where the upper and lower bounds can be computed from

the known degrees of freedom of the spectral estimate and the value of the estimate.

P(SL(fi) < S(fi) < 'usfi)) - 0.90 (63)

Typically, for the estimation of spectra, the righthand side is picked to be 0.9 and'

the two numbers that result as the bounds of the inequality are called the 90 per-

cent fiducial confidence interval. The correct interpretation of such an equation

is that the true value of the spectrum would be found to lie between these two

bounds nine chances in ten. If a spectrum from a very long time history of the

waves for unchanging conditions could be computed (by analogy to tossing a coin

many millions of times and calculating the ratio of the number of heads to the total

number of times so as to get very close to one half) the result would be the "true"

value.
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As will be explained in what follows, the calculation of a spectrum Is not a

simple exercise. There are severe limitations on the information contained in an

ocean wave time history of twenty minutes duration. If a wave spectrum is estimated,

it is possible to obtain Equation (63) for each of the values of the estimated

spectrum and to draw one curve lying above and one lying below the plotted points.

These two curves enclose the true spectrum of the waves (that would in principal be

obtained if a much longer time history could be gotten) nine times out of ten. Some

investigators use narrower ranges and other probabilities, such as 0.5. The close-

ness of such intervals gives them a certain degree of confidence (which is un-

warranted). They are, in essence, taking a chance of being wrong half the time.

Unfortunately, for the spectra predicted by the SOWM, with the spectral band

widths that are used, a twenty minute (1200 second) long ocean wave time history (or

due to Fast Fourier Transforms, 1024 seconds) which has been the standard recording

length for most wave data, does not provide very good spectral estimates. Typically,

the estimate does not tell one the true value of the spectrum within a factor of

approximately two. For example, one can multiply the estimated value of the spectrum

by 2/3 to obtain the lower curve (for the narrow frequency bands) and by 4/3 to

obtain the upper curve. The ratio of the two is a factor of two, and the true

spectrum lies somewhere between these two values nine times out of ten.

Suppose that a large number of wave time histories at locations corresponding

to grid points of the SOWM are obtained and that each of these is processed to pro-

vide estimates of the wave spectra and their 90 percent confidence intervals. Then

the spectra predicted by the SOWM can be expected to fall between the upper and

lower confidence intervals of these estimated spectra nine times out of ten if the

model and the winds are correct. There will be five spectral velues out of each

hundred for which the bounds of the confidence interval will fall below the SOWM

value and five out of a hundred for which they will be above.

The SOWM spectra can only be evaluated in a statistical sense. One cannot

predict the number of heads that will come up when a hundred coins are tossed, and

one cannot predict the exact values for the ocean wave spectra that would be

estimated from wave records and compared with the SOWM, or, for that matter, any

other wave model.

The question might be asked "Why bother to verify the SOWM spectra against

spectral estimates that are only good to within a factor of two?" The answer lies

in the coumments and remarks made in the description of the fully developed spectrum
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and its variabitity. It also lies in the very large range of spectral values that

* occur for the frequencies of interest in the SOWM as the waves vary in height from

under a meter to more than 15 meters. To get the spectra correct to within a factor

of two is almost good enough. In fact, it is difficult to do.

However, there is a dilemma here. The theories that are available are for

stationary gaussian processes, and with minor ifs, ands, and buts, for any station-

ary process, such as ocean waves, which are mildly non-gaussian. Mhe concepts that

are used all involve picking a sample so many minutes in length from a long time

history that does not change its properties. If the ocean waves at a particular

point on the ocean never changed their statistical properties, there would be no

problem in forecasting. The corrections, modifications, and conceptual changes in

wave record treatment required upon introduction of the idea that the spectra are

changing as a function of time are very difficult and have not yet been fully

addressed.

The total area under the frequency spectrum is the variance of the time history.

This quantity is related to the significant wave height as defined previously for

relatively narrow band spectra. Because the estimated spectra have this property

of sampling variability, the total area under the spectra also has sampling

variability. Therefore, not even the significant wave height is a precisely

defined quantity that can be computed from an ocean wave record, or from the

spectrum of that ocean wave record. The significant wave height has sampling

variability also.

It is possible to write an equation similar to Equation (63) that puts a con-

fidence interval on the significant wave height estimated from an ocean wave height

time history by means of a spectrum. This confidence interval typically ranges from

+10 percent to ±30 percent of the significant wave height that is estimated depend-

ing upon the details of the spectral shape.

In the material that has been presented so far, notably missing has been any

description of the sampling variability of the data that have been used to "verify"

the SOWM. This problem will be addressed in what follows for both frequency spectra

and significant wave heights; then, the material in the preceeding section on the

verification of significant wave heights will be reinterpreted, along with additional

data on significant wave heights.

There is another, perhaps equally shocking, concept that is a corollary of the

idea of sampling variability. Weather Ship J, operated by the British for many
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years, has faithfully obtained ocean wave time histories once ever-; 6 hours and at

special times, once every hour, for many, many years at a particular latitude and

longitude of the North Atlantic ocean. Suppose that for this entire time, Weather

Ship J had had an identical twin, with an identical ocean wave recorder on it and

that it had been stationed at a point on a circle, with a two mile radius away from

the true J with the exact location picked at random on that circle. Suppose that

also this twin ship had taken a wave record starting and ending at exactly the same

time as the one at J for this entire period.

Consider the pairs of estimated spectra that were obtained by these two ships.

The consequences of the concept of sampling variability are that the spectra

estimated from these two time histories would not agree with each other. There

would be times when one spectral estimate for a particular frequeccy would be 30 to

40 percent higher than the estimate for that same frequency in the second spectrum.

There would be other times when the reverse would occur. There would be times when

a spectral band in the first spectrum would be twice as high as in the other

spectrum. A probabilist would be able to take the theories that have been deve]oped

and make a great many predictions about how these spectra would differ, one from

the other, for many, many pairs.

A corollary is that the significant wave heights obtained at these two locations

could differ by as much as 10, 15, or 20 percent, at times, for measurerents made

at exactly the same time.

The SOWM has grid points several hundreds of nautical miles &part. Those

unfamilar with sampling variability concepts would ask, "Why not measure waves on a

grid spacing of 2 nautical miles (3.7 kilometers) over the North Atlantic Ocean?"

Apart from the cost of such an operation, it would hardly be worthwhile because one

would then be measuring sampling variability effects and not the true variability of

the waves (most of the time) that one really wishes to predict.

these state ieats have to be modified somewhat on the basis of the kind of

spatial distribution found by the altimeter on SEASAT as illustrated in the pre-

ceeding section. However, it is possible to go too far in the resolution of the

grid to be used for wave forecasting and hindcasting, and it is possible to misinter-

pret wave measurements because of the effect of sampling variability. This proble'

becomes particularly difficult when waves are changing with time, as they actually

do. it is not an easy task to bort out a true change in the spectrum frow a change

brought about by sampling variability. This is one of the major objections to the
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!*1
techniques that, led to the development of the JONSWAP spectrum, which will be

explained later. 6
4

Incidentally, there will always be doubters as to sampling variability effects.

It might be very interesting, just for once, to locate five-or six ocean wave

recorders all properly calibrated on a square grid of points, perhaps 2 nautical

miles apart, at some place on the North Atlantic ocean, and obtain simultaneous
wave records. A great many statisticians would be shocked indeed if the spectra

from these time histories were identical.

The first step- in obtaining an estimate of a spectrum of a time history is to

digitize the time history at intervals of At seconds as shown in Equation (64). The

value of At should be small enough so that the Nyquist frequency does not produce

any aliasing.

A standard procedure is to make a fast Fourier transform of the data contained

in Equation (64) which consists of N points where 2 q - N.

n(o), n(At), il(2At) ..... n((n-1)At) (64)

It is assumed that the record is periodic with a period of NAt, which is the equiv-

alent of the statements in

n(NAt) - n(,), n((N+p)At) - n(pAt) (65)

This set of points has a mean which is assumed to be zero or corrected so that it

will be zero, and the variance is given by

n n " .(pAt) -0 (66)

VWX(n) E- (01(pAt) (67)

The operation of obtaining a east Fourier transform yields a representation of

the same N points as given by Equation (68)

N/2
N/22-rnpAt 2irnpAt

r)(pft) - Z a cos - + b sin 2p (68)
nm-I n T rl

where T - NAt.
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Incidentally, it is not absolutely essential to do a fast Fourier transform. For

a fast Fourier transform N is some integer power of two. If the number of puints

in the time series differs from this, the Fourier tranaform can be calculated by

brute force, but it turns out to be much more expensive. Typizaliy therefore, mo*st

investigations are made today with some set of values given by 2 q.

The values of a and the bn that are obtained in this way, are the comp!ete
nn

equivalent of the time series values in the representation given by Equation (64).

The information in the data has been transformed from the time domain to the fre-

quency domain. With these 2 q values for the trigonometric coefficients, one can go

back and recover exactly the number in Equation (64). Therefore, no information

has been lost by this procedure.

The lowest frequency that goes with this set of coefficients, a1 and bl, is

given by 1/NAt and the highest frequency is given by 1/2At. The highest frequency

is called the Nyquist, or the folding, frequency.

From the point of view of the spectral analysis of an ocean wave time hictory

or any other property of ocean waves such as the orbital motions and the potential

function, there is too much information in the set of numbers that define the

uniquely determined coefficients, an and b n. The information is smoothed and by so

doing the original record is no longer recoverable. What might be done at this

stage of the game with an ocean wave time history has been rather thoroughly dis-

cussed in Reference 82.

However, continuing, the two coefficients for a particular frequency can be

squared and sunmmed to obtain Equation (69). For this kind of random process that

fairly well describes ocean waves, this new number has a Chi Square distribution

with 2 degrees of freedom. Its expected value is given by Equation (70) and the
probability density function is given by Equation (71).

C 2n (an + bn2 ); n-1 to N/2 (69)

(n+4) I/-
E(C 2) - S S(f)dt (70)

n) d Cn exp C2/Sn d C2/Sn (71)
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This value of C2 is very erratic when repeated calculations of it for the same n,n

but for different time histories, are considered. The probability that it will be

near its expected value is rather small, and, in fact, the 90 percent confidence

Interval about its expected value is found by multiplying a particular estimate by

0.334 and 19.42.

The idea behind spectral estimation is to smooth a number of these values of C2

to obtain more stable numbers at a less dense spacing on the frequency axis for the

study of the properties of the waves. This smoothing operation is indicated by

Equation (72) where 6 is a weight factor.
p

n+r 2

S(f n = 2 . T (72)
n-r P P

In particular, if the values of 6 are all equal as indicated by Equation (73),P C2
this consists of just averaging the values of Cn over 2r + 1 values and plottLag

the resulting average at the central frequency of this range.

6 = I/(2r + 1) (73)p

There are, of course, many other ways to do the smoothing operation. Just as

long as the 6 satisfy certain criteria relative to preserving the total variance,p
they can have many different values. Also, it is not necessary just to estimate

the spectrum at a set of nonoverlapping frequencies. This smoothing operator could

be applied twice as frequently to obtain double the number of points on the fre-

quency axis. All of these various techniques are possible today, because of the

ability to carry out the fast Fourier transform operation.

From a theoretical point of view, the procedure Is indicated by Equation (74),

where whatever choice of the weight factors made and applied to the fast Fourier

transform is equivalent to a convolution of the weighting functicn with a true

function for the spectrum as indicated in this equation. Clearly a wide variety of

weight functions could be chosen. The output of the convolution will be more or

less a smooth version of the input under many conditions.

The point of this discussion is that the choice of weight funztions and stooth-

ing operators is more or less irrelevant because! of the sampling variability of
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these estimates. The true values of the spectrum are really not known to within a
range of about a factor of two. For this reason, minor fluctuations in the shape

of the spectrum usually do not have any meaning because of this large uncertainty.

Sc(f) - S(f') w(f-f') d f' (74)

SMOOTHED SPECTRAL ESTIMATES
2Given the N/2 values of C2, suppose that 2r + I values are combined with unit

weights centered on a frequency. f n and covering a certain frequency band. If the

spectrum is slowly varying enough over the frequency band, then the 2r + I values of

C2 combine as Chi Square variables each with 2 degrees of freedom to yield a Chin

Square variable with 4r + 2 degrees of freedom, but with an unknown parameter equal

to the "true" or expected value of the spectrum as integrated over the frequency
band.

if S(fn)Wf 's this expected value and if S(fn)Af is the value computed from

the sum as the estimate, then the ratio, DS(f n)/S(f n), is Chi Square distributed

with (4r+2 = D) degrees of freedom.

From standard tables, the values of Chli Square, such that this random variable

will exceed aD with a probability of 0.05 (say) and will be less than 8D (say) with
a probability of 0.95, can be found so that Equation (75) can be assigned numerical

quantities.

P D < S(fn) < 5 D 0.90 (75)

Some algebra yields

fD S(fn) D S(f )
P 8 D < S(f) < - -) 0.90 (76)

If D for example is 30, a " 18.5 and 8D -43.8 so that

P(O.685 S(fn) < S(fn) < 1.622 S(fn)) -0.90 (77)n n n

and the ratio of 1.622 to 0.685 is 2.37. Everything is known in this equation as a
nuiber except S(f n). The equation states that the probability is 0.90 that interval
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defined by the two numbers in the parenthesis will enclose the true value of the

spectrum at f n

A 17-minute, 4-second wave record digitized once per second has a Nyquist fre-

quency of 0.5 second and has 1024 points. There would be 512 values of C2 (ne88

1 for zero frequency). The frequencies would be 1/1024, 2/1024, n/1024, ....

512/1024 second-. Averages centered on f - 1 6 p/10 2 4 for p - 0 to 32 with values

at f - 16 (p+A)/1024 weighted one half and assigned at 16 p/102 4 and 16 (p+1)/ 1 0 2 4

would yield 33 spectral estimates, each with 32 degrees of freedom (except at 0 and

0.5 Hertz) and confidence intervals nearly equal to those given above.

For p - 5, the frequency is 80/1024 corresponding to a period of 12.8 seconds

with bounds of 72/1024 and 88/1024 (periods of about 14.2 and 11.6 seconds). To

halve the frequency bands for the same record length requires using f - 8q/1024 as

q goes from 0 to 64, and this halves the degrees of freedom. The confidence

intervals become even wider. To narrow the confidence intervals by doubling the

degrees of freedom for the same record length requires that f - 32r/1024 as r

goes from 0 to 16.

For a fixed record length, high resolution sacrifices degrees of freedom and

implies wide confidence intervals. Narrow confidence intervals and high degrees of

freedom sacrifice spectral resolution.

Further verification of the frequency spectra of the SOWH might benefit from

obtaining 35- or even 52-minute long wave records instead of 17-minute long wave

records. The lack of stationarity could be investigated theoretically. For a 52-

minute record the frequencies can be centered on f - 48S/3072 and there would be 96

degrees of freedom per estimate. The confidence intervals would then become 1.26

and 0.79 in Equation (77) with the upper bound being 60 percent higher than the

lower bound.

To estimate a spectrum with a ±10 percent confidence interval requires about

580 degrees of freedom, and a record about 5 hours long for the same resolution.

During 5 hours, the waves will have probably changed their statistical properties,

and thus high resolution and narrow confidence intervals are unobtainable for real

situations in the time domain.

The points raised above are simply a restatement of the properties of time

series. They were clearly and more briefly stated in Reference 80. From page 2 of

Reference 80:*
*Underlined words are not emphasized in the original quotation.
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"Practically useful answers to these questions may be found by

combining results from transmission theory and the theory of

statistical estimation. These answers prove to be relatively sim-

ple. The only major difficulty in their practical application is

the extensiveness of the data required for highly precise estimates.

This requirement is an inherent, irrevocable characteristic of such

random processes"

A second quotation from page 93 is:

"Clearly, for any specific value to T (and number of pieces
n

of record), we can increase frequency resolution (or stability)

only by sacrificing stability (or frequency resolution)."

CONFIDENCE INTERVALS ON WAVE HEIGHT

The Chi Square probability density function is derived by considering the sum

of the squares of D independent random variables drawn from a normal population

with a zero mean and unit variance. After referring a variable to zero mean, which

occurs naturally in calculating a fast Fourier transform, it must be scaled by

dividing it by the standard deviation for the calculation of the value of Chi Square.

The Chi Square distribution has the reproductive properzy; specifically, if yNI is

distributed according to Chi Square with Ni degrees of freedom and if YN2 is dis-

tributed according to Chi Square with N2 degrees of freedom, then Y f YNI + YN2 is

distributed according to Chi Square with Ni + N2 degrees of freedom.

An estimated spectrum consists of p numbers typically of the form S(pAf) where

p varies from zero to, say, m. The first and last values for p - 0 and m have say

D/2 degrees of freedom and the estimates for p equal to 1 to m-I have D degrees of

freedom. Conceptually there is some true, but unknown, spectrum, essentially S(pAf),

that the values of S(pAf) estimate. The sum of the valuses of S(pAf) is an estimate

of the variance of the random process as in

VAR - E S (pAf) - VAR(ri) (78)

and in Equation (67). This sum is like a sum of Chi Square distributed random

variables e' cept that each term has a different normalizing value.

The exact probability density function for the estimate of the total variance

is unknown. However, it can be shown that the total variance is approximately
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distributed according to Chi Square with a total number of degrees of freedom (TDF),

if the separate spectral estimates are independent, as given in Equation (79). The

total number of degrees of freedom can also be called the effective number of

degrees of freedom.

D(E S(pm t)2
TDF 0 2 (79)

TDF ;(o) + S(m)) 2 rni(pAt) )2] (9

The proof involves deriving the moment generating function for each estimate

and using the fact that moment generating function for a sum is the product of the

moment generating functions for the terms in the sum. The resulting moment

generating function is then equated to the moment generating function for a Chi

Square distribution with an unknown value for the degrees of freedom and a jara-

meter equal to the total variance. Equation (79) results by requiring that the

first two moments of the approximating Chi Square distribution equal the first two

moments of the correct distribution.

One extreme would be the case where all of the values of S(p~f) are equal (or

nearly equal). The numerator of Equation (79) would equal Dp' and the denominator

would equal p so that TDF would equal Dp or N, the total number of points in the

sample. This never happens for actual ocean wave time histories, but the result is

the equivalent of drawing an independent sample of size N from a zero mean normal

population with an unknown variance. A total number of observations equal to 1024,

if they were independent, would yield 90 percent confidence intervals of about 1.07

and 0.93 times the estimated variance.
2The other extreme would be to find all, but one of the values of C2 in Equationn

(69) to be zero. The total degrees of freedom would be 2 no matter how long the

time history. Narrow band swell can approach this condition.

Typically, the total degrees of freedom for an ocean wave time history about

20 minutes long can range from about 50 to 150. The time correlation between the

points in the time history makes each value less useful in estimating the variance

than would be an independent observation from a normal distribution. The appro-

priate constants in an equation similar to Zquation (77) are given by
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-+ (I/TDF)'

and

- (1/TDF)½10

for the 90 percent confidence interval for large enough values.

Thus

P 10 -(It1 VAI < V!AR < 10 +(1/TDF)½ VAR) 0.90 (80)

Since H 1/3 - 4 (VAR)h (81)

it follows that Equation (82) holds.

P (a0.05 H1/ 3 < H1 / 3 < %0.95 11/3) 0.90 (82)

where

[0.05 - (1/TDF)½] ½(83)

and

/.D [10 (84)L

If the estimated significant wave height was 10 meters, and if TDF equaled 50,

then Equation (82) yields
ii , ~P(8.50 < H1, < 11.77) ,,0.90 (5

and the wave height is not known to within 3.27 meters (plus or minus about 1.6

meters or 16 percent), even if it is estimated to be 10 meters.

For 150 total degrees of freedom, the corresponding equation is Equation (86),

and there is almost a 2-meter spread.
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P(9.10 < H1/3 < 10.99) 0.90 (86)

The verificatiov efforts for the SOWM and for comparisons of altimeter wave

height measurements with waves recorded by ships and data buoys, as described

previously, did not take these considerations into account. Ways to do so will be

described shortly.

A RESTATEMENT OF A SPECTRAL OCEAN WAVE MODEL FORECAST

Suppose that the SOWM spectral predictions were perfect, and that in particular

the one in Table 5 was perfect. Suppose that a ship near that grid point measured

the waves with a wave recorder for 25 minutes and 36 seconds on the date and time

indicated, and that the data were digitized at a At of 1.5 seconds to obtain 1024

measurements. Suppose that the spectrum was resolved into 60 frequency bands with

a Af of 180- 1. Each band would have about 17 degrees of freedom. Let the values

of S(f ) be computed from the time series of recorded values to be compared to the
values tabulated in Table 5; and let the significant height be computed according

to the appropriate equation.

Equation (75) becomes

P 18.67 < 17 <.27.6 = 0.90 (87)

for the lowest seven frequencies, and, hence, for fi - 0.039

P (0.576 < S (0.039) < 1.83) = 0.90 (88)

SFor fl 0.044

P (15.67 < S (0.044) < 49.89) = 0.90 (89)

a For f 0.05

P (19.33 < S (0.05) < 61.55) - 0.90 (90)

and so on. F~r f1 - 0.081 there are 34 degrees of freedom and roughly (for 30

degrees of freedom)
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P (9.60 < S r0.081) < k2.7) , 0.90 (91)

and so on.

The total degrees of freedom are found from Equation (79) except that S(fi)

and not S (fi) is used, There are 142 degrees of freedom.

Therefore, because the significant wave height from the SOWM is 55.5 feet

P (50.4 < H < 61.1) = 0.90 (92)

Thus the wave record obtained by the ship will, yield estimates of the spectrum

such that nine times out of ten each of the fifteen values calculated from the wave

record will be between the bounds illustrated above for four of the bands. The

significant wave height will lie between 50.4 and 61.1, nine times out of ten.

This is really all that the SOWM can predict. The ship could actua.ly experi-

ence waves considerably higher or considerably lower than 55 feet. The actual

values could be quite different from those predicted from Table 5. Yet, in a very

real sense, the prediction is still correct.

Were the SOWM actually perfect and had a fleet been present near the grid point,

some of the ships would have experienced higher waves and some lower. Had 20 spectra

been estimated from 20 different wave records, the averages of these spectra would

have 340 degrees of freedom. The average of the spectra would have been within t13

percent of the SOWM spectrum, nine times out of ten.

The total degrees of freedom would have been such that the average of the

variances of the individual wave records would have yielded a significant wave

height between 53 and 58 feet (nine times out of ten).

To go further, the chance that all 15 values of S(f ) would lie between the
1.5calculated bounds for one 25'-minute wave record is (0.9)5, or 0.206; the chance

that 14 out of the 15 would, is 1.5 (0.9)4, or 0.343; the chance that 13 out of
13the 15 would is (1.5) (0.7) (0.9) , or 0.267; the chance that 12 out of the 15
12would, is (0.5) (0.7) (1.3) (0.9) , or 0.129; and, because these values sum to

0.945, the chance that 11 or fewer would is 0.055.

One time in 20, the significant wave height calculated from this hypothetical

wave record would exceed the upper bound calculated for this example. Yet the

SOWM was assumed to be perfect. The ship captain that experienced this condition

iaight well conclude that the forecast was wrong.
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Thus, there is an element of randomness, or unpredictability, in ocean wave

forecasts that must be understood by those who produce the forecasts and those who

verify the forecasts. This element of randomness can be treated either by predict-

ing, as above, the amount by which an observation made at a verification time can

differ by chance from the prediction or by analyzing the verifiiation data in terms

of fiducial confidence intervals on the estimates of the spectra and wave heights
that they provide.

Because the SOWM is clearly not a perfect wave specification and forecasting

model, there will be discrepancies between what it predicts and what the observa-

tions show. Because the observations inherently have large sampling variability,

the inconsistencies of the SOWM, or of any other model, are difficult to identify,

isolate, and correct.

The literature on wave forecasting models rarely, if ever, mentions these

considerations with reference to the problem of verification, and the development

of the model. Some authors seem both disappointed and surprised (and perhaps even

embarrassed) when the wave heights and frequency spectral predicted by their model

do not verify perfectly.

COMMENTS

When Tukey first discovered these techniques of power spectral estimation, the

fast Fourier transform was unavailable. It was discovered a number of years later.

For this reason the estimation of wave spectra during the early days of the study

of ocean waves was based on a number of equations operating on the time series that

effectively ended up doing the same thing as Equation (74), but that did it in a
80different way. These operations were all variations of roughly the same scheme.

They consisted of lagging the time series with itself and taking the products of

lagged sums over that part of the serics that still overlapped to form an estimate

of the covariance function; that is, the correlation o" the time history will itself

delayed by an integer number of At's. The covariance function would be computed for

perhaps 10 or 20 percent of thV length of the original record. Tt would be an even

function of the lag, and it could be expanded as an even function about the origin.

The Fourier transform of this covariance function was then computed in order to

obtain a raw estimate of the spectrum. The difficulty with thi& particular pro-

cedure was that the weight functions that result are negative for some values.

Typically one could obtain, for rapidly varying spectrG, a negative estimate of toe
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variance in a given frequency band. A negative estimate of a variance is highly

disconcerting. Tukey showed that a linear combination of three such estimates by

any one of several weighting procedures would usually eliminate these negative side

lobes in the weight function end produce a series of spectral estimates as the

function of frequency that had many desirable properties. These weight functions

were roughly triangular in shape and overlapped adjacent frequency bands. References
and details of these types of procedures are contained in various sources such as

References 80, 15, and 83.

Two of the smoothing operators that were used were called Hanning and Hamming.

They yield ever so slightly different spectral estimates.

Other spectral estimates guaranteed absolutely no negative side lobes. These

very fine techniques in the pre-fast Fourier tranjform era were concerned with

problems for which the spectral estimates could vary over perhaps four orders of

magnitude as a function of frequency. They were concerned, for example, with

whether or not very low values were contaminated by leakage in the spectral filters

from the high values. Most of these problems are no longer as pressing as they

were at that time because of the ability to carry out fast Fourier transforms. An

investigator who is interested in functions of time that can have frequency content

that varies over several orders of magnitude need only to be concerned today with

the number of significant figures that are carried in the original time series.

Round off and truncation errors can produce a white noise background such that

extremely low values of the spectrum are hidden by this white noise background.
SPECTRAL OCEAN WAVE MODEL FREQUENCY SPECTRA
VERSUS PARAMETRIC REPRESENTATIONS

The literature to date has had a number of papers by various authors that have

been concerned with other ways to estimate spectra and with fitting spectra by means

of a set of parametric curves. Fo. various reasons, objections can be raised to the

JONSWAP spectrum on this basis and to the efforts to fit ocean wave spectra by a six

parameter family of curves. A six parameter representation, for example, is not

much of an improvement over che 15 values that define a SOWM spectrum as a function

of frequency. Even if it is successful and is capable of defining the shape of the

spectrum as well as the original SOWM values, nothing much has been achieved because

one still has to apply the spectrum to whatever practical. application is required

over a continuous range of frequencies. The real problems of applying SOWM products

to problems in naval architecture lie in how well (and in what sense) the SOWM

spectra verify, in whether or not the frequency resolution is adequate for possible

152



resonance phenomenon and in taking into the account the eftects of wave direction

as well as the va~.iaticns of tVe spectra as a function of frequency. The progress

In this direction achieved in Reference 70 is most impressive.

EXAMPLES OF THE VERIFICATION OF BOTH SIGNIFICANT WAVE HEIGHTS AND FREQUENCY

SPECTRA IN TERMS OF SAMPLING VARIABILIl"t CONSIDERATIONS FOR MODELS SIMILAR
TO THE SPECTRAL OCEAN •PAVE MODEL

Efforts were made to develop the SOWM using the concepts just described, at

least in principal. With the techniques then available for getting a wind field

and for a development:al version of the SOWM, data such as those 3n Figure 53 were

studied as also described in Reference 84. The four 6-hourly specifications for 3

days (17, 18, and 19 December 1959) are compared with estimates of the spectra

computed from wave records obtained by the Tucker shipborae wave recorder.' 3 '' 4

Two predictod spec ra were compared with the spectrum estimated from a wave

record for each time. The histogram-like plot shows the predicted (Itindcast or

jpecified) spectra, and the estimated spectrum plus its upper 95 percent and lower

5 percent confidence intervals are graphed by connecting the estimates by straight

lines.

Also tabulated are the significant wave heights that were predicted and

estimated and the 90 percent confidence intervals on the estimates. These numbers

are hard to read so they are repeated in Table 11 except that only the best of the

two heights Is used. The neight predicted by 4he model can fall in any one of four

locations iz the table relative to the estimated height and !ts 5 percent and 95

percent values for the ccnfidence interval.

The 90 percent cunfidence interval on tne estimate of the significant wave

hei.4ht encloses the "true" value of the wave height 9 times out or 10 by definition.

One time out of 10 it does no_*. if the significant wave heights of a wave hind-

casting (specification oir forecasting) model are contained within the 90 percent

confidence interval of a significant wave height estimated from an ocean wave time

hietory ,iine times out of ten, then the model is doing very well indeed,

For this pi:rticular test case, eight of the 12, (67 percent) of the hindcast

heights verified in this sense. The'e ought to have been about 11. Thus, the

model did not do well.

If the estimated height and the predicted height are compared in the usual

way, the bias is +1.75 feet and the root mean square difference is 4.14 feet.

*Be careful! What does this statement mean?
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Clearly zhe root oean square value could have been fairly large even if all of the

heights had verifiedl

Even though some of the heights verified, the spectra sometimes did not verify.

The lou frequencies in the first predicted spectrum are much too high and the

spectral values are nowhere near the upper and lower bounds of the estimated spec-

trum. The second predicted spectrum verifies extremely well. The third runs

consistently too high, and so on.

The predicted heights range from 38 feet to 13.6 feet implying that one pre-

dicted spectrum will have 7.8 times the area under it than the lowest. The esti-

mated heights range from 39.5 feet to 13.6 feet so that the areas under the

estimated spectra varied by a factor of 8.4. The highest and the lowest waves aý4

the next highest and the lowest spectra were predicted fairly well.

The current SOWM specificatlons in this climatology produced at FNOC are

available for December 1959. It would be interesting to redo this study, because
14

a very long series of spectral estimates are available. The wind field analyses

should be better and the final version of the SOWM described in the first part of

this paper is substantially different from the version that was tested in thJ5

example.

During SKYLAB it was thought that wave data might be an important part of the

study of S193, which was the radar on the spacecraft. Fortunacely this turned out
37not to be the case for measuring winds over the ocean. However, to meet this

contingency, 20-minute long ocean wave time histories were obtained every hour when
85

SKYLAB would be anywhere near Weather Ship J. These records were speý-.ral'y

analyzed and the results were compared with hindcasts generated with a wave model

much more nearly like the current SOWM.5

The significant wave heights were estimated from the wave records obtained

each hour. Wave hindcasts were made for every 6 hours.

Some of the results are shown in Figure 54. The circled dots are the estimated

wave heights and the jagged lines above and below are the 90 percent confidence

intervals.

The diamonds are the hindcasted wave heights. Weather Ship J Is not exrcZ'ly

at a grid point of the model but lies within a triangle of three grid points. ohe

spectra at these three grid points were recovered. A plane was put through the three

values for each frequency direction component for the three puints and the l.-cation

of J on this plane was found to compute by interpolation the value of 6(fi,,
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for the location of the ship. The significant wave height was then computed from

this interpolated spectrum. The result is shown as the diamonds in Figure 54. The

horizontal dots above and below the diamonds represent the highest and lowest

significant heights for the three grid points of the model that surround the weather

ship. The gradients of wave height (and hence even-more for spectra) over one grid

distance are thas quite large.

For 4 to 5 January 1974, the estimated wave heights fluctuate erratically, but

o horizontal line a, about 8.3 meters could fit the estimates equally well. For
S6 to 7 January, a marked decrease in wave height over the 15 hours of data is re-

quired for any smooth curve between the confidence intervals, and similarly for

7 to 8 January.

The jagged behavior on 8 January may or may not be real. The waves almost

surely first decrease and then increase on 9 January.

The hindcasts mise part of this erratic variation and seem to be much smoother

than the estimates. This similarity as a function of time at a fixed point to the

variation of the waves as a function of distance along a line in the altimeter data

is a feature of waves that is not currently predictable for reasons given above.

It was possible to compare nine wave height hindcasts as shown in Table 12.

Four of the nine (instead of about eight of the nine) fell within the 90 percent

confidence intervals of the wave height estimate. Yet, computed the usual way the

bias was only -0.06 meters and the root mean square error was only 0.83 meters.

Ways to interpret root meta square errors when there is an effect of sampling

variability in the estimates used to verify a wave forecasting (specification) model

will be illustrated later. There is clearly a minimum (not zero) value that can be

achieved because of the effect of sampling variability. A wave model that con-

sistently verified to within ±5 percent of wave heights computed from 20 minute

long wave recordr is obviously a fraud. The model would have to have extrasensory

perception!

The interpolated spectra from the model were compared to the estimated spectra

as shown in Figure 55. The histogram-like plot is the model spectrum. The circled

points are the estimates from a time history and the vertical lines with bars at

the top and bottom are the 90 percent confidence intervals. All but the last con-

f~dence interval enclose the model spectrum value so that this spectrum verifies

quite well. The computed wave height from the model compares well with the observed

(estimated) wave height from the wave record differing from it by -0.75 meters.
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The model height did not fall. within the confidence intervals for the estimated

height despite the good spectral agreement.

From figures such as Figure 55 for the nine available spectra, a count was

made as to whether or not the confidence interval of the estimated spectrum enclosed

the model spectrum. The results are shown in Table 13. The first two bands

essentially contained no spectral variance and the model predicted that they would

not as shown by the ones in the table. Band 3 was fairly good, but bands 4 and 5,

which were near the sharp increase in the spectrum, were not predicted well.

Out of a possible 126 spectral bands foi the model, 104 bands or 83 percent,

fell within the 90 percent confidence intervals of the spectral estimates. There

should have been about 1.13 bands (90 percent). Even with this criterion, the model

was not quite good enough.

There are statistics involved with the statistics of this table. The number

of ones has a binomial distribution with a saiiple size of 126 and a probability of

0.9. The expected value of the number of ones is i13.4 and the standard deviation

is about 3.37, so that 95 times in 100, the number of ones snould fall between

106.7 and 120.1. Because only 104 successes were obtained, the number of successes

is somewhat less than what could occur by chance (but not comple.!tely unreasonable).
53

The spectra for this series are also available. If the SOWM hindcasts cover

the above period, a comparison along these same lines would be benef:cial.

The last example of this section is for a model developed to hiLdcast hurricane

waves in the Gulf of Mexico. 5 1 The grid points were 20 nautical mi'es apart, the

time step was one hour, wave refraction effects were incorporated for shallow water,

and many aspects of the model were similar to the SOWM. The spectra were resolved

into 24 direction bands instead of 12.

Figure 56 shows significant wave height in feet as a function of time at three

locations during Hurricane Camille. The solid and dashed lines represent the model

values at two grid points. The points are the estimated wave hetghts at the loca-

tions shown near the grid points andthe 90 percent confidence intervals.

Wave heights estimated from wave records at Station 1, which is about halfway

between the two plotted grid points, agree with the model values during the last

part of the plotted period. If the wave heights at Statior I were the average of

the heights at the two grid points, then -he model could be said to verify within

the 90 percent confidence interval at seven of the 1i times for which the heights

were estimated.

161



TABLE 13 NUMBER OF TIMES 90 PERCENT FIDUCIAL CONFIDENCE INTERVAL OF SPECTRAL
ESTIMATE ENCLOSED SPECTRAL HINDCAST FOR 14 SPECTRAL BANDS AT WEATHER SHiP J

Hit Ratio J

f Band li6/74 1/7/74 1/8/74 1/9/74 Sum Percent

12z 18z 00z 18z 12z 18z OOz 12z 16z

1/25.7 1 1 1 1 1 1 1 £ 1 1 9 100

1/22.5 2 1 1 1 1 1 1 1 1 1 9 100
1/20.0 3 1 i 1 1 0 1 1 1 0 7 78

1/18.0 4 0 1 . 1 0 0 0 1 0 4 44

1/16.4 5 1 1 1 0 0 1 1 0 1 6 67

1/15.0 6 1 1 1. 0 0 1 1 1 1 7 78

1/13.8 7 . 0 1 0 1 1 1 1 1 7 78

1/12.9 8 1 1 1 1 1 1 1 1 1 9 100

1/12.0 9 1 1 1 1 1 1 0 1 1 8 67

1/10.9 10 1 1 1 1 1 1 1 1 1 9 100

1/9.7 11 1 1 1 1 0 0 1 1 1 7 78

1/8.6 12 0 1 1 1 1 1 1 1 0 7 78

1/7.5 13 1 1 1 0 1 1 1 1 1 8 89

1/6.5 14 0 1 0 1 1 1 1 1 1 7 78

Sum 11 13 13 10 9 12 12 13 11 104

Percent 79 93 93 71 164 86 86 93 79 83
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PigurL 56 (Continued)

40 I I T
CAMILLE
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S0900 1000 1100 1200 1300 1400 1500 1600 1700

.-"
z

I I I
"i" 32 -- CAMILLE

i STATION 3

24

CONFIDENCE INTERVAL) 875

8- HINDCAST 874 A "T"

HINDCAST 875 0 874

0 I -
0900 1000 1100 1200 1300 1400 1500 1600 1700

TIME (CDT)

Figure 56b - Time Histories of Measured' and llindcast Significant Wave Helight at
Stations 2 and 3 for the Hiurricane Camille Hindcast

(From Reference 51)
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For Station 2, with grid point 801 as the verification of the hindcast, eight

out of 16 verify, and for Station ; with the average of e74 and 875 used as the

model hindcast, 10 out of 18 verify. The eztimates of tha. wave beight vary much

more smoothly for these data than they did for the preceeding SKYLAB study.

Figures 57 and 58 show verifications of three frequency speci:tra of hurricane

waves du!ing Camille. Figure 57 shows a spectrum plotted In a way that i- somewhat

deceptive based on the discussion of Figure 36. However, if only the values at the

frequencies corresponding to the circled points are studied for the estimated

spectrum and its confidence intervals, it i6 seen that the model spectrum falls

everywhere within the confidence intervals. There are 12 succef,,ses out of 12 tries.

The estimated wave height is 43.13 fee- with a confidence interval of 48.3 to 39.02

feet (a range of 9.28 feet) and the model predicted 44.88 feet,

For the other two spectra, in Figure 58, there are 22 successes out og: 24 tries,

so that for all three spectra there are 34 successes out of 36 tries or 94 nercent

success, which is just about right. The confidence intervals on the estimate of

the height enclose the predicted height for both spectra.

Since only 25 out of 49 heights appear to verify, i Figure 56 (ar 51 percent,

instead of 90 percent), the model clearly could be improved. The verificaticn of

the spectra fer peak wave conditions at the various stations was, in general, quite

good. Note that in all three of the spectral comparisons, the peak of the estimated

spectrum was higher than the peak of the model spectruw.

VERIFICATION OF THE SPECTRAL OCEAN WAVE MODEL CLIMATOLOGICAL
PRODUCTS AS COMPARED TO ESTIMATED SPECTRA AND SIGNIFICANT
WAVE HEIGHTS IN TERMS OF SAMPLING VARIABILITY

The SOWM spectra specified by the operational version have been compared with

estimated spectra during the development of thM model.3,86 Because the wind fields

have been improved and because the present SOWM differs from the models described

above in some of its details (as described tt the end of the Propagate section)
71,87

these comparisons cannot be used to evaluate its present accuracy.

The statistical procedures that have Just been illustrated can be applied to
14,88the large set of spectral analyses that are available so as to provide an

extensive set of comparisons for spectra and significant wave heights. The data of

Reference 72 are al.1 potentially capable of bein6 interpreted in ways similar to

the examples given above.

It is possible to wrAke a preliminary analysis of 15 comparisons based on plots

of spectra given in Reference ýO as graphed in Figure 59. The times for the data
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Figure 59 - Comparison of Station India and Grid Point 128 Point Spectra
for 25 November to 14 Decembet 1966 Storm

(From Reference 70)
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increase reading from top to bottom and then from lcft to right so that the three

plots in the left hand colui correspond to 25, 26, 27 November 1966, and so on.

Each date (except 8 December 1966) shows two SOWM spectra connected by circles and

squares for 09z and 15z and an estimated spectrum, based on data tabulated in

Reference 88 for 12z along with the significant wave heights corresponding to each

spectrum.

The SOWM spectra are not synoptic with the estimated spectra. This immediately

intrcduces an additional problem especially in view of the results graphed in Figure

54. For comparison with the estimated spectra, the SOWM spectra at the synoptic

time need not necessarily be the one obtained by a linear interpolation of the two

SOWM products, one 3 hours before and one 3 hours after the time of the estimated

spectra.

Similarly, interpolating the heights (which is the equivalent of connecting

the points in Figure 13 by straight lines) implies a spectrum that would not be

obtained by interpolating the spectra linearly in Figure 59.

The vertical axes on these spectra are in units of meters2 seconds and the
-1horizontal axes are in radians seconds . The scale on the first one is from 0 to

3; for the second, it is from 0 to 6; and then, ordered in time, the scales are 0

to 12, 0 to 6, 0 to 6, 0 to 12, 0 to 3, 0 to 60, 0 to 60, 0 to 60, 0 to 60, 0 in 3,

and 0 to 1.8. In contrast to Figure 53, where all scales are the same and the

spectra grow and shrink, the scales in Figure 59 grow and shrink and the spectra all

look somewhat the same. In fact, if the spectra for NW 320 on 8 December and NW 321

on 14 December were plotted on the same graph, the peak of the first would be 33

times higher than the peak of the second, and the area under the first spectrum

would be 29 times the area under the second.

Table 'a is an attempt to score these 13 cases in a way similar to those done

above. For each day except 8 December three times are shown. The SOWM predictions

are for 09z and 15z. The significant height estimates and confidence intervals are

for 12z. The SOWM height predictions have been interpolated linearly to 12z and

tabulated in parentheses. Each prediction falls in one of four possible columns

relative to the estimated wave height and its upper and lower 90 percent confidence

interval. If it is less than the lower or greater than the upper the prediction

does not verify. Of the 37 possibilities, 17 verify in this serse. For the 13 days

involved, at least one of three verified 11 times. The interpolated height verified

six out of 11 times. Were the Sf"'4M rerun for interesting synoptic situations such
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as this one, the question arises as to how often the SOWM wave heights would verify

for the results of that time step that produced the 12z values.

An alternate way of scoring is to compute the difference between the inter-

polated predicted height and the estimated height as tabulated in the AH column.

The bias for this kind of verification is 0.35 meter and the root mean square value

is 0.88 meter. Clearly, these quantities are misleading because they contain the

effect of sampling variability in the estimated wave heights that cannot be pre-

dicted and that therefore should not be used in assessing the errors of the SOWM.

The last two columns attempt a qualitative judgement as to how 7-ell the spectra

verify. The P refers to the peaks of the spectra and the HFT refers to the high

frequency tail. A Y (Yes) for the peak means that a typical 90 percent confidence

interval is judged to enclose the SOWM peaks, an N means it would not or that the

frequency content as low frequencies is not correct. The asterisk on the N for NW

29 means that the 12z SOWM spectrum could easily have verified if it were available.

The question mark for 14 December is there to point out that, if this spectrum

were drawn to the same scale as the set of three for 8 December, it would appear to

verify quite well. The SOWM has predicted that the spectral values are all very low

compared to those earlier in the period for this particular time. The HFT column

(for High Frequency Tail) shows whether the SOWM is too low (L) too high (H) or

close (C) to the estimated spectrum for high frequencies compared to typical confi-

dence intervals for the higher frequencies. The overall fit at high frequencies is

good except for the first two spectra and the last spectrum. More quantitative

results would require a table similar to Table 13.

THE SEPARATION OF SPECTRAL OCEAN WAVE MODEL ERRORS FROM SAMPLING
VARIABILITY EFFECTS

The sampling variability of an ocean wave record produces deviations from the

spectra and wave heights predicted by the SOWM. There is an irreducible minimum

below which the differences between the SOWM predictions and the spectra and wave

heights obtained from wave records cannot be reduced. Let H S be the SOWM signifi-

cant height; HE9 the significant height estimated from a wave record; and HT be the
"true" value of the significant height. Then

1 2 12
N (HS _ HE) g - ((Hs -T) -(H _ - ))2

(93)
1 12 2 L2 1 (HEHST) (HE-HT)N
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The lefthand side of Equation (93) is the usually computed quantity. Various

values for it have been given in preceeding sections. The first term in the right-

hand side is the "true" error of the SOWM. The second term is more or less liable

to be nearly zero because sampling variability will make the second term in the

product alternately positive and negative so that the sum will tend to zero.

The last term can be estimated. The estimate of the significant wave height is

an estimate of the "true" value. The variance of the wave record has an approximate

Chi Square distribution with a TDF given by Equation (79). The Chi Square variable,

u, for a large number of degrees of freedom is such that i2•u - Z2Ik1 (where k is

degrees of freedom) is a unit variance, zero mean normal variable. rhe 90 percent

range for the significant wave height, given the upper 95 percent value and the

wave height, will be normally distributed because. of this relationship. The standard

deviations of the estimates of the significant wave height can be estimated from

SD i -=E)(94)SD 1.65 (Hu

Thus, from Table 15, the lefthand side of Equation (93) and the last term on

the righthand side can be found. This yields

1

0. 8 8 = 1 Z (HS - ) 2 + 0.31 (95)

For the 13 values given in the table, where the SOWM height is the interpolated

value for all but one entry, it then follows that

1) ( HT5  - 0.59 (meters) 2  
(96)

and that

HS -HT ± 0.75 meters (97)

About 35 percent of the variability of the waves when comparing the SOWM to wave

height is explained, in terms of variance, by the sampling variability of wave

measurements, or estimates, and the remaining difference of 65 percent is attribut-

able to errors of the SOWM for this example.
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TABLE 15 - ERROR BUDGET FOR SPECTRAL OCEAN WAVE MODEL SIGNIFICANT WAVE HEIGHTS
DURING PART OF NOVEMBER AND DECEMBER 1966

Date 1966 H1/3 H1/3 H1/3 TDF SD
SOWM Est. Upper

25 Nov 4.15 4.20 4.50 0.30 278 0.18 0.05

26 Nov 5.30 4.70 5.2U 0.50 130 0.30 0.60

27 Nov 6.85 7.60 8.30 0.70 171 0.42 0.75

29 Nov 4.80 4.70 5.20 0.50 130 0.30 0.10

30 Nev 5.50 5.00 5.60 0.60 103 0.36 0.50

01 Dec 6.75 7.20 7.90 0.70 154 0.42 0.45

03 Dec 3.50 3.10 3.40 0.30 155 0.18 0.40

03 Dec 9.10 11.00 12.40 1.40 92 0.85 1.90

06 Dec 10.00 11.50 13.00 1.50 88 0.91 1.50

08 Dec 11.80 12.80 13.90 1.50 102 0.91 0.60

08 Dec 12.80 13.63 15.10 1.50 66 0.91 0.80

13 Dec 2.85 3.80 4.10 0.30 230 0.18 C,95

14 Dec 3.15 2.30 2.50 0.20 191 0.12 0.85

As computed from the table

2 1 2 1 2
E (HS - H = 0.88 and . ( - HT) = 0.31, Therefore ,HS- HT) 0.57.
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This example must bp worked out for a mich larger sample, preferably for actual

instead of interpolated SOWM heights before stable values can be found. However,

the example, at least, shows that a part of the Jifferences between the SOWM and the

estimated wave heights is explainable in terms of sampling variability.

THE VERIFICATION OF SWELL

Little data are available to verify the swell heights and the swell spectra of

the SOWM, plus usually a local sea, in subtropical highs, the trade wind areas and,

for example, off the coasts of California and North Africa. One study of the SOWM

spectra near Trinidad showed that the swell in the model behaved realistically and
89,90yielded graphs similar to those obtained from actual wave data such that the

distance to and the general location of the generation area can be found. Also, for

the area studied, most of the spectral variance of the waves locally was imported

as swell and less than half was produced by the local wind.

There is concern about the angular granularity of the SOWN and its effects on

swell. Because the climatology has already been produced with the current model

any corrections for errors introduced in this way will have to be after the fact.

THE JONSWAP SPECTRA

The spectrum of a fetch-limited sea would be like one of the curves in Figure 5

according to the SOWM. The family of fetch-limited spectra is quite variable when

the controlling form of a fully developed sea as an upper bound, which varies

considerably as a function of wind speed, is considered. The variation of the wind

over a fetch also complicates the interpretation of fetch effects.

In this context, objections to the JONSWAP spectral parameterization procedures

have been raised. A major point that was made was that scaling spectra according
to f/fm' where f is the spectral peak, biases the data and the wave model.. If a

m
spectrum is actually fairly smooth for three or so bands across its peak, picking

that spectral estimate that is the highest practically always guarantees that it

will be an overestimate. Further use of such a model is then bound to yield mis-

leading results.

The figures that compare model spectra with estimated spectra in preceedirng

sections often show an estimated peak thdt exceeds the model peak. Had other wave

records been available from nearby lccarions within the scale of the model, the

peaks in the spectral estimate would shift back and forth over several spectral

bands and each estimate would have the appearance of being more peaked than the
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model spectrum. This type of variability ought to be treated in the applications

of the model to particular problems and not built into the model.

The phenomenon of overshoot and the nonlinear transfer function used in some

wave models can both be data processing artifacts instead of actual physical

phenomenon. Further research in these problem areas is needed.

THE VERIFICATION OF FREQUENCY DIRECTION SPECTRA

No data are available for the routine verification of spectra such as those

given in Tables 5 and 6. There have been data obtained during the past 20 years of

a scientific nature that could be used for verification purposes, but this has not

"been done.

If the frequency-direction spectra were badly in error, the frequency spectra

and the hour-by-hour wave height variations that have been illustrated would not

have verified well. The general accuracy of the frequency-direction spectra can be

inferred by default in this way. Nevertheless, a verification effort for the SOWM

spectra is needed, especially for the purpose of the development of improved fore-

cast models.

AN ASSESSMENT OF THE SPECTRAL OCEAN WAVE MODEL WAVE CLIMATOLOGY

The SOWM wave climatology differs from all previous open ocean compilations of

wave data that have been used to understand the wave environment. These previous

compilations were based on wave heights and periods as reported by transient ships
91

by means of the World Meteorological Organization's (WMO) code.

These ship reports have become increasingly questioned. A few years ago the

code was changed, and, prior to that time, waves with heights of 5 meters and 10

meters were overreported compared to their actual frequency of occurrence because

of peculiaritics of the code. For the same reason, waves over 10 meters were not

sufficiently r:ported. Recent studies indicate both a bias and a large scatter

when ship repcrts are compared to wave measurements made by a national data buoy. 9

A single period, of any value, is hardly a valid description of a wave system.

There are many different kinds of "periods" that can be computed from a frequency

spectrum such as the "period" associated with a spectral peak and at least two

different "periods" that can be computed from the spectrum. Although various ways

to convert ship reports of wave heights and wave periods to spectra have been pro-
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posed, none of them can possibly preserve the information in an actual wave spectrum

or in the spectra specified by the SOWK.

Ship reports of wave heights and periods also include a provision for reporting

both sea and swell. The instructions in the WMO code are hardly adequate for

differentiating between sea and swell, and the reports for the swell group usually

show that the observers cannot properly separate sea and swell.

Also, ship reports are concentrated on the international shipping lanes so

that vast areas of the oceans are rarely visited by a ship. The current available

ship report statistics for some of the ocean areas may be unreliable because of poor

sa,•ple size. For the SOWM, these same ships are used to determine the meteorological

fields to be used to compute the waves. These meteorological fields can, im general,

be interpolated and extrapolated into areas with no data more accurately than can

the corresponding wave fields. Thus by its very nature, the SOWM provides a uni-

form coverage. There are, however, probably some areas for which the SOWM may be

biased because of the lack of ship reports to define the wind field.

A comparison of SOWM height distributions with a conventional climatology shows
70that the SOWM calls for a higher incidence of high waves. This difference appears

to be both realistic and correct. The Institute of Oceanographic Sciences has

published numerous compilations of wave statistics based on measurements made by
92

the Tucker shipborne wave recorder. A comparison of the SOWM statistics with

these data could provide a calibration point for the SOWM climatology.

The available statistics on comparisons of the SOWM with wave data of various

kinds all suggest a negligible bias for the SOWM of at most a few tenths of a meter.

The root mean square differences between the SOWM and wave height measurements have

ranged from 1.20 meter through 1.00 meter and as low as 0.80 meter. A part of this

root mean square differ(-nce is the result of sampling variability and so the errors

of the SOWM for middle latitudes may actually be as low as 0.7 to 0.8 meter.

The limited amount of data that have been used to verify the SOWM frequency

spectra show that the SOWM tracked the variations in the estimated spectra fairly

realistically. Much more needs to be done in the area of the verification of

frequency spectra, especially in view of the effects cf the improved wind fields

and the FNOC modification, which was described at the end of the section on Pro-

pagate, on the performance of the model. Ways to verify frequency spectra have been

illustrated. The data must be interpreted with great care.
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Despite concern at the beginning with the accuracy of the winds that are used

in the SOWM, the available data co not seem to show that rather large root mean

square errors in the winds (even after correct i.,n) have generated large root mean

square errors in the waves. From about 1976 onward. it was not necessary to correct

the FNOC winds in the way that was described in the section on the verification of

the winds. A possible explanation may be that the errors in the winds have

oscillated above and below the correct values both in space and time and that the

integrating effect of the SO/M calculations on the -Input winds has yielded output

waves nearly in accord with reality.

Two last precautions are required before ending this analysis. 'hey are con-

cerned with the verification of swell and with the variability of the waves that

has been observed over both small spatial distances and short time intervals. Both

of these features require further scientific study and analyses; and both have been

discussed in various sections of this paper. Care should be taken that the wave

climatology have built in factors of protection against errors that may be intro-

duced into it because of these effects.
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